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PREFACE 


THE great advances made in the construction, mode of use, 
and theory of the thermionic valve since the publication of the 
first edition of this book in June, 1919, have necessitated the 
re-writing of much of that first issue in the eee of the - 
present second edition. 

The termination of the Kuropean War in 1918 made it 
possible in the following few years for a large amount of infor- 
mation, gathered in the war period, on the subject of the 
thermionic valve, to be released in various scientific publica- 
tions, and the author has, therefore, been able to avail himself 
of this material. 

‘Both the two- and three-electrode thermionic valves have 
become instruments of prime importance in the arts of radio- 
telegraphy and radiotelephony, and without them radio- 
telephonic broadcasting would not exist as we have it at 
present. 

The invention of the two-electrode rectifying thermionic 
valve by the author in 1904 made an entirely new departure 
in wireless telegraphy and telephony, and the subsequent 
development from it of the hard three-electrode valve marked 
an equally important era. 

With the exception of the crystal detector, all other types 

- of detector for electric waves have been rendered antiquated 
by it, whilst as a generator of oscillations, the valve seems likely 
to predominate. Moreover, the three-electrode valve has 
given us a complete solution of the problem of the telephonic 
relay or repeater, and a chapter has therefore been added on 
this subject. | 

The same instrument now provides us also with a laboratory 
research appliance which is invaluable. Hence no physicist 
can afford to be unacquainted with its powers or use. 
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THE THERMIONIC VALVE AND 
ITS DEVELOPMENTS IN RADIO- 
TELEGRAPHY AND TELEPHONY 


CHARTER: -L 
SCIENTIFIC PRINCIPLES. 


1. Detectors of Electric Waves.—The thermionic valve and 
its various derivatives, the three- and four-electrode valves, 
respectively used as detectors, amplifiers, and generators of 
oscillations in wireless telegraphy, are now appliances of such 
enormous importance, that without them neither radiotele- 
graphy nor radiotelephony would exist as we have them 
to-day. The great advances in their use and manufacture, 
even since the publication of the first edition of this book, 
have necessitated emendations and additions in the present 
edition to bring the information more completely up to date. 

The statement of the various stages by which inventors 
have produced appliances of great sensitivity for the detection 
of electromagnetic waves forms a fascinating chapter in the 
history of electrotechnics. Although Maxwell enunciated in 
1865 his great epoch-making theory that electro-magnetic 
effects must be propagated through dielectrics as a wave 


* motion, and surmised that such electromagnetic radiation 


was identical in nature with light, the acceptance of his 
views was retarded by the want of experimental proof 


that such waves could be created and detected by purely 
electromagnetic methods. Hertz’s invention of the ring 


resonator with micro-spark gap supplied the first means of 
detecting these space waves, which G. F. Fitzgerald had 
previously suggested might be created by the oscillatory 
discharge of a Leyden jar. The employment of Maxwell’s 
electromagnetic waves to eflect radiotelegraphy, involving 
the propagation of such waves over distances reckoned in 
miles, was fundamentally dependent on Marconi’s key inven- 
tion of the aerial wire or antenna, but it necessitated as well 
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the possession of far more sensitive and certain means of 
detecting these waves than the ring resonator of Hertz. 

In'radiotelegraphy we make use of electromagnetic waves 
propagated over the earth’s surface to set up in a receiving 
aerial wire feeble electric oscillations which are a copy on 
a very reduced scale of the strong oscillations created in the 
sending aerial wire. In modern radiotelegraphy the oscilla- 
tions are generated in the aerials either continuously or else 
in uniformly time-spaced trains, the train or group frequency 
agreeing with one frequency for which the Bell telephone 
receiver, acting on the human ear, is most sensitive—viz., 
about 500-700 per second. These oscillations are then cut 
up into short and long periods or groups of trains to create 
the Morse-ccde signals. 

In the ordinary language of wireless telegraphy we call 
any instrument a detector which is employed to detect or 
make evident by audible or visible means these groups or 
intermittencies of very feeble electric oscillations in the 
receiving aerial wire and associated circuits which convey the 
intelligible signals. 

The signal-making instrument may be some form of tele- 
graphic printer, such as the undulator, or a type printing 
instrument such as the teletype, or the more sensitive Hin- 
thoven galvanometer with photographic tape record. On the 
other hand, it may be a Bell telephone receiver, making an 
audible sound and appealing therefore directly to the ear. In 
any case the detector plays an imtermediary part. It is 
operated upon by the feeble oscillations in the receiving aerial, 
and in turn it acts upon and operates the signal-making 
instrument. : 

2. Types of Detectors.—If we leave out of account certain 
not very sensitive types of detector, such as the thermo- 
electric couple, the electro-dynamic detector or the vacuum 
tube, which have important uses in the laboratory, but are 
not sufficiently sensitive for radiotelegraphic work, we may say 
that five great types of detectors have so far been employed 
in radiotelegraphy. 

These are, first, the imperfect contact or coherer type. 
Starting with the early forms invented by Branly and Lodge, 
and others, we have as the best representative of this class 
the nickel-silver filmgs coherer of Marconi. 

The imperfect contact detectors are divisible into two 
sub-classes—yvyiz., those which require tapping or moving to 
continually restore them to the sensitive condition, and those ~ 
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that are self-readjusting. The Marconi coherer is one of the 
first kind, and the Italian Navy carbon-mercury or Castelli 
coherer, and also the Walter tantalum-mercury coherer, 
represent the second or automatic sub-class. 

In spite of the fact that the Marconi coherer did splendid 
service for at least five years in establishing radiotelegraphy 
on a practical basis, these contact detectors have all gone 
out of use at present. The numerous and delicate adjust- 
ments required in the tapper, relay, and Morse inker to obtain - 
the best results, and the too ready response of the detector 
to atmospheric discharges, or to disturbances from the neigh- 
bouring transmitter and consequent variable sensitiveness, 
combined to bring about its antiquation and retirement from 
active service. 

The second type of detectors comprises the magnetic 
detectors. Developed originally by E. Rutherford, E. Wilson 
and Marconi, we find again that the best practical representa- 
tive of this type is the rotating iron band magnetic detector of 
Marconi. 

This last detector employs a telephone receiver as the 
signal-making instrument. It has many virtues. It is 
robust, self-contaimed, and contains no supplementary or 
local battery. It is not put out of adjustment by atmospheric 
discharges or oscillations set up by the near-by transmitter. 
It is more constant in operation than the capricious coherer, 
but it is not at prosent in any extensive use. 

The third class of detector comprises the electrolytic detectors 
in which the electrical oscillations to be detected are caused to 
alter the conductivity of an electrolytic cell by varying the 
ionic films on the electrodes. These detectors were never very 
much employed in Great Britain. : 7 

The fourth type of detector, still very extensively used, are 
the rectifying contact or crystal detectors. Starting with 
Dunwoody’s discovery of the rectifying property of certain 
crystals of carborundum and with the discoveries of Pickard 
and G. W. Pierce on the rectifying power of contacts between _ 
crystals of zincite and chalcopyrite and molybdenite and 
copper, there has been an immense amount of research on 
this type of detector, which depends either upon a true 
unilateral conductivity in the mass or at the contact or else 
upon sudden changes in curvature in the volt-ampere or 
characteristic curve. A type of crystal detector much used 
at present is the rectifying contact between a natural or 
artificial crystal of Galena (sulphide of lead) and a copper or 
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gold wire lightly touching it at certain points, which is called 
a cat whisker. | 

The simplest mode of use of such crystal detectors is as a 
rectifier of the oscillation trains into gushes of electricity in the 
same direction, thus enabling trains of electrical oscillations to 
affect a telephone receiver. These detectors are rather easily 
put out of adjustment by strong atmospheric discharges, or 
by strong oscillations set up by the proximity of the trans- 
mitter. They therefore require somewhat frequent readjust- 
ment of contact to obtain the best results. Moreover, it is 
not every point on the surface of such crystals that is equally 
sensitive or rectifying. Nevertheless, their simplicity and 
cheapness made them very quickly a favourite detector. 
Their introduction was followed at once by an outburst of 
irresponsible radiotelegraphy at the hands of innumerable 
electrical amateurs and students which required the firm 
intervention of National and International legislation to keep 
it within bounds of reason and safety. 

The fifth class of detector comprises those to the consideration 
of which this book is limited—viz., the thermionic detectors. 
These depend upon the emission from incandescent bodies of 
ions or electrons. They are or can be made highly sensitive 
and yet are not affected injuriously by atmospherics or by 
neighbouring electric sparks. They are easy of adjustment 
and always ready for use. The original of all these detectors 
is the now well-known Fleming Valve. They have the remark- 
able property that they can be employed as generators of 
oscillations as well as detectors and have important uses as 
telephone repeaters and ordinary telegraph relays, in addition 
to services in wireless telegraphy. Hence their properties, 
construction and use have been widely studied, and we may 
without risk of contradiction call them the master weapon of 
the radiotelegraphist. . 

3. Thermionic Detectors.—It will be advisable to begin the 
study of these thermionic detectors by a short historical sketch 
of certain investigations and their results. About 1880 Mr. 
Edison completed his solution of the problem of domestic 
electric lighting by giving to the world the carbonised bamboo 
filament incandescent electric glow lamp, and -Sir Joseph 
Swan, aided by Mr. C.,H. Stearn, had evolved the parch- 
mentised cotton thread lamp on similar lines. This simple 
appliance, consisting of an hermetically closed and highly 
exhausted glass bulb, having in it a carbon filament welded 
to terminal platinum wires sealed through the glass, solved 
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the problem of ‘dividing the electric light’? which had 
engaged the attention of numerous inventors for a quarter 
of a century. In the early part of 1882 the public had the 
opportunity of seeing at the first Crystal Palace Electrical 
Exhibition incandescent lighting on a large scale. The 
author of this book was at the beginning of that year appointed 
scientific adviser to the Edison Electric Light Company of 
London, formed to operate Edison’s inventions in Great 
Britain, and came therefore into a position to investigate 
carefully some of the pro- 
blems connected with the 
physics of the incandescent 
lamp. 

It was soon found. that, 
apart from accidents, such 
lamps had a certain “life.” 
The slightest mequality in 
resistance of parts of the 
filament caused unequal pro- 
duction of heat, and any 
minute crack or flaw in the 
filament caused local super- 
heating at that point and 


temperature. 
Even if the filament was 


a ppeared to be a slow Fria. 1.—Incandescent Electric Lamp, 


“1: . showing the glass bulb blackened by 
volatilisation of the carbon, the deposit of carbon or metal due 


which in time blackened the — to molecular scattering from point 
inside ofthe bulbandreduced a on the filament, a shadow line 
thecandle power of thelamp. 9,0, dept being formed ot 
Before long the author’s the horseshoe filament. ss 

attention was drawn to the 

fact that when a defect appeared at some point in the carbon 
filament on one “leg ”’ of the horseshoe carbon, which caused 
a great rise of temperature at that point, the blackening of 
the interior of the bulb was less or absent along a certain line 
in such position as to show that the scattered carbon 
molecules had been shot off in straight lines from the point 
of excessive heating. Thus was formed a molecular shadow 
on the bulb, as the author termed it (see Fig. 1). If, for 
instance, a scent-sprayer is filled with ink and the spray blown 
on to a sheet of paper the latter will be darkened uniformly 
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by minute drops of ink spray. If, however, a wire or rod is 
held in the path of the spray the paper will be protected from 
blackening along a region which corresponds to the shadow 
of the rod (see Fig. 2). Hence when we find in old carbon 
filament incandescent lamps a horseshoe filament broken at 
one spot and the bulb darkened all over the inside with the 
exception of a white or undarkened line on the bulb corre- 
sponding to the shadow of the unbroken part of the filament 
relatively to the point of rupture or overheating we can 
conclude that the chief part of the scattering of the carbon 
particles has taken place in straight lines proceeding from the 
point in the filament at which it has ultimately burnt through. 
This phenomenon of ‘“ molecular shadows’ in incandescent 
lamps was described by the 
author in two papers read to 
the Physical Society of London 
in 1883 and 1885.! 

This effect clearly showed 
that from the incandescent 
filament there was a projection 
of matter in straight lines which 
was deposited on the interior 
of the bulb, except in those 
i _ parts shielded by the “shadow” 
i of the rest of the filament, thus 
leaving a white or unblackened 
screen by ink spray to illustrate Gee Lee teas Cbyieta 

the mode of formation of a mole- du : to the fact that the residual 

cular shadow in a glow lamp. air in the bulb is in such a 

rarefied condition that the mean 
free path of a molecule is comparable in length with the 
diameter of the bulb. 

In air at ordinary temperature and pressure the mean free 
path of an oxygen or nitrogen molecule is about four one- 
millionths of an inch, but when the pressure is reduced in a 
bulb to one-millionth of an atmosphere it becomes increased 
to about four inches. This means that a molecule of carbon 
projected in any way from the filament might travel on an 
average four inches before colliding with other residual air 
molecules and being deflected from its path. 


* See Proc. Phys. Soc. Lond., vol. v., p. 283, 1883, “On a Phenomenon 
of Molecular Radiation in Incandescent Lamps,” by J. A. Fleming; also 
Proc. Phys. Soc. Lond., vol. vii., p. 178, 1885, “‘ On Molecular Shadows in 
Incandescent Lamps,” by J. A. Fleming. 
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4. The ‘* Edison Effect.’’—The next important observation 
on this subject was made by Mr. Edison in 1883.1 He was 
apparently examining the 
phenomena involved when 
carbon filament lamps are 
running at a high 
efficiency, and for that 
purpose he sealed into the 
bulb of a glow lamp a 
metal plate placed be- 
tween the legs of the 
horseshoe-shaped carbon 
filament, the plate being 
carried on an insulated 
wire sealed through the 
bulb (see Fig. 3). He 
found that, when the fila- 
ment was rendered in- Fia. 3.—Incandescent Lamp with a metal 


candescent by a direct plate sealed into the bulb and a galva- 
current of electricity, By nometer connected between the terminal 


galvanometer connected fhmedl the Raton ca 
etween the middle plate 
and the positive eriviial of the filament indicated a current 
of a few milliamperes, but little or no current when con- 
nected between the negative terminal and the middle plate 
(see Hig. 4). He did 
c c not furnish any explana- 
tion of this effect at that 
time, but it became 
known then and after as 
the “ Edison effect ’’ in 
glow lamps. 

Mr. Edison gave to 
Sir William Preece in 
October, 1884, certain 
(No current) (Acurrent) incandescent lamps 


Fic. 4.—Mode of Connection of the galva- ; ~ 
nometer, G, to Metal Plate, M, and to made with metal iB lates 
sealed into their bulbs 


the terminals of the carbon filament of ; 
the lamp (++ and —) in the experiment or into tubular exten- 


of the “ Edison effect.” sions of them, and im 
the following year, in March, 1885, Preece described to the 
Royal Society of London experiments which he had made 


G 


1 See Engineering, December 12th, 1884, p. 553. See also U.S.A. Patent 
No. 307,031, applied for by T. A. Edison, November 15th, 1883. 
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with these lamps.t Preece made quantitative measurements 
of the current flowing through the galvanometer when con- 


Fie. 5.—Collecting Plate placed at the end of a side tube opening 
out of the bulb of an incandescent lamp. . 


nected in between the positive terminal of the carbon filament 
and the middle plate at various voltages applied to the filament. 
He found that this current was independent of the nature of 
the metal of which 
the middle plate was 
made, but that it 
increased very rapidly 
with increase in the 


of the filament ter- 
minals. He found 
that for a given lamp 
voltage the ‘‘ Edison 
effect ’? varied with 
the position of the 
plate in the bulb, but 
that it was still sen- 


; sible when this plate 
Fic. 6.—Collecting Plate placed at the end of was placed at the 


an elbow tube opening out of the bulb of an 
incandescent lamp. closed end of a tube 


opening out of the 
bulb, provided this tube was straight, but the current was found 
to vanish if that side tube was bent up at right angles (see 
Figs. 5 and 6). Preece considered that this ‘‘ Edison effect ” 


1 See Proc. Roy. Soc. Lond., vol. xxxviii., p- 219, 1885, “‘ On a Peculiar 
Behaviour of Glow Lamps when Raised to High Incandescence,” by W. H. 
Preece. 
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-was connected with the discharge or projection of carbon 
molecules or particles from the filament in straight lines, but 
he gave no full theory of, the — - 

_ phenomenon, nor did he make © 
_ any application of the facts. A 
year or two later the author of 
this book took up the investi- 
gation, being convinced that 
much yet remained to be dis- 
covered about it which had not 
been unravelled by Edison or 
Preece. 

5. The Author’s Investiga- 
tions on the ‘* Edison Effect.’’— 
A number of special carbon fila- 
ment glow lamps with middle 
plates were made for the author 
at the Lamp Factory of the Fie. 7.—Incandescent Lamp having 
Edison and Swan United Electric 4 mica shield placed between the 
Light Company, and researches metal plate, /, and the negative 

: leg of carbon loop filament,thereby 
wera egun with them, and the diminishing the “ Edison effect.” 
epi communicated to the | 
ociety of London in 1889,! and ina Friday evening dis- 
February 14th, 1890, to the Royal Institution.” 


LAMP NO g 


CURRENT FLOWING 


NO CURRENT FLOWING 


‘ 
ys 


Fie. 8.—Gla e surrounding one leg of horseshoe carbon 
filament 1 amp to show the annulment of the ‘“ Edison 
effect’ whern.@ ‘stu the negative leg. 

a : ® 


1 See Proc. Roy. S06™ . xlvii., p. 118, 1890, “‘ On Electric Dis- 
charge between Electroxte erent Temperatures in Air and in High 
Vacua,”’ by J. A. Flemmpy, 

~ “2 Problems in the Physi 
Royal Institution, February 


; in Electric Lamp,” Proceedings of the 
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One of the first new facts the author discovered was that 
the ‘Edison effect’? was greatly diminished or entirely 
annulled by surrounding 
the negative leg of the car- 
bon filament by a glass or 
metal tube, or by inter- 
posing a mica shield between 
the negative leg of the 
horseshoe-shaped carbon 
filament and that side of 
the middle or insulated plate 
facing the negative leg 
(see Figs. 7 and 8). By 
negative leg is meant that 
side of the carbon horseshoe 
loop in connection with the 
negative pole of the battery 
Fia. 9.—Incandescent Lamp with horse- which heats the filament. 

ghee ee epee ang pricy It was not annulled or much 

ment to show the * Edison effect.” diminished when the tube | 
surrounded the positiyeleg. 

The author confirmed Preece’s observation that th ti 
- was still visible when the collecting plate was place 
end of a long straight tube opening into the bulb 
appeared when the plate was placed at the end of ¢ 


LAMP No 10 


LAMP NO 


Fie. 10, 


tefact discovered 
mductor or electric 
ity is instantly 
ate when the lamp 
the» conductor or 


at right angles (see Figs. 10 and 11 
by the author was that a charged 
condenser if charged with po 
discharged when connected to 
filament is meandescent. I 
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condenser is charged with negative electricity, then it is not 
in the least discharged by so connecting. On the contrary, 
it will be charged y | 
negatively by the 
incandescent _fila- 
ment. 

This fact may be 
most clearly 
proved by the fol- 
lowing experiment. 
Connect a gold-leaf 
electroscope to the 
middle plate of the 
lamp, the filament 
beimg cold. Then 
charge the electro- 
scope with positive 
electricity by 
‘means of a rubbed 
glass rod. Next, lee 
switch on the lamp and incandesce the filament. The electro- 
scope instantly loses its positive charge. Then repeat the 
experiment, charging the gold leaves negatively by means of 


»>>-- 
N  cURRENT 


Fie. 12.—Incandescent Lamp with metal plate in the bulb and gal- 
vanometer, G, connecting plate and negative terminal. Clark cell 
inserted in plate circuit to show the escape of negative electricity 
from the incandescent filament. 


a rod of sealing wax, and it will be found that switching on 
the lamp does not discharge the electroscope. These experi- 


ments show that the incandescent filament is giving off 
negative electricity in some manner. 
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The next experiment was arranged to prove that the space 
between the incandescent filament and the middle plate was 
conductive for negative electricity from the filament to the 
plate, but not in the opposite direction. For this purpose a 
single cell of a battery was joined in series with a galvanometer 
and one terminal attached to the middle plate and the other 
(the negative) terminal of the battery to the filament (see 
Fig. 12). A current then flowed through the vacuous space 
between the filament and the plate under this feeble E.M.F. 
of about 1-5 volts. If, however, the battery was reversed no 
current flowed. 

A variation of this experiment was then arranged as follows : 

A lamp was constructed, having four horseshoe carbon 


Fig. 13.—Exhausted Glass Bulb having terminal electrodes formed 
of carbon filaments kept incande&Scent by separate batteries to 
show the conductivity of a highly rarefied gas for currents of 
electricity under low electromotive force with an incandescent 
cathode. 


filaments in it, two at each end (see Fig. 13). These pairs 
could be joined in series outside the bulb, and each pair 
incandesced by its own insulated battery. When both sets 
of filaments were cold a small E.M.F., such as 8 or 10 volts 
or so, or even 100, would not send any measurable current 
across the vacuous space. If, however, the filaments at one 
end were made incandescent, then even a single cell can send 
a current of a milliampere or so through the vacuous space 
provided that this cell has its negative terminal in connection 
with that carbon filament which is incandescent. This fact 
had previously been discovered in another way by W. Hittort * 
—viz., that through a vacuum tube a very small E.M.F. will 


send a measurable current, provided the cathode terminal of 


the vacuum tube is incandescent or at a high temperature. 


1 See Annalen der Physick, vol. xxi., p. 90, 1884; see also Physical 
Memoirs, vol. i., p. 180, issued by the Physical Society of London, W. 
Hittorf, « On Conduction of Electricity in Gases.”’ 
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- between carbon electrodes, 


_ will be found that a galvano- 
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The author then discovered that the same effects exist in 


the case of the electric arc. 
Tf a direct current electric 
arc of some length is formed 


and if a third carbon elec- 
trode is so placed as just to 
dip into the flame of the arc, 
or if the arc is deflected 
against 1t by a magnet, it 


meter or ammeter connected 
between the positive carbon 
and the third or lateral 
carbon indicates a current 


which may even be strong Fic. 14.—An Electric Arc projected by 


enough to ring an electric means of a magnet against a third 
bell 8 teas 8 Ge carbon to show the “* Edison effect ”’ 
ell. ’ Owever, e€ in the case of an electric are. 


ammeter or bell is con- 


nected between the negative carbon of the arc and the middle 
carbon, then no current passes (see Fig. 14). 


Fie. 15.—An_ Experiment with the 


Electric Arc having a third carbon 
to show that a current of negative 
electricity can pass under low E.M.F. 
between the negative terminal of the 
are and the third carbon electrode. 


Also, it can be shown 
by the same means that 
the space between the 
negative carbon of the arc 
and the middle carbon 
possesses a unilateral con- 
ductivity and will permit 
negative electricity from a 
battery to pass from this 
negative carbon to the 
middle carbon, but not in 
the opposite direction (see 
Fig. 15). 

Finally, the author dis- 
covered that the same 
phenomenon can be demon- 
strated in the air at 
ordinary pressure. For if 
a thick carbon filament is 
rendered incandescent in 


air by passing a strong current through it, and if an insulated 
metal plate is held near to it, a galvanometer joined in between 
this metal plate and the positive terminal of the carbon 
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indicates a small current, but no current if jomed in between 
the middle plate and the negative terminal of the carbon loop 
(see Fig. 16). 

These same effects were the subject of a more extended 
investigation by the author, the results of which were com- 
municated to the Physical Society of London in 1896, entitled, 
‘A Further Examination of the Edison Effect in Glow 
Lamps.’ ! In this research quantitative measurements were 
given showing the relation 
between the ‘‘ Edison effect ”’ 
current—that is, the current 
through a galvanometer con- 
nected between the collecting 
plateand the positive terminal 
of the lamp filament and the 
working voltage of the lamp 
or potential difference of the 
ends of the filament. 

The curve delineating this 


ratio rises very steeply as the 


Fig. 16.—An Experiment showing P.D. on the terminals of the 
the ‘‘ Edison effect ” with a carbon 159 f : 


filament rendered incandescent in filament (called the lamp 
the open air. voltage) imereases (see 
| Bice jom 
The table below gives the results of one set of measurements 
which are represented graphically in Fig. 17 : 


Thermionic | Thermionic 
Lamp Voltage. Current | Lamp Voltage. | Current’ 
in Milliamperes. in Milliamperes. 
|| | 

30 0-085 | 38 2:36 
32 0-190 | 39 2-71 
33 0-44 | 40 2-99 
34 0-84 | 4] 3°37 
35 1-23 | 42 3-71 
36 1-69 43 | 3°99 

4-25 


aa 2-01 | 44 | 


The galvanometer used to measure the current had a resistance of 
6,372 ohms. 


It will be seen that the thermionic current through the 
galvanometer, when connected between the collecting plate 


1 See Philosophical Magazine, July, 1896; also Proc. Phys. Soc. Lond., 
vol. xiv., p. 187, 1896. 
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and the positive terminal of the filament, rises to several 
milliamperes in value. If the galvanometer is connected 
between the collecting plate and the negative terminal only 


I 
} > 
4 


= 


one 


J 


Currert in milliamperes thrcugh galvanomete1 


Filament voltage of lamp. 
Fia. 17. 


a very small current of, perhaps, less than -001 of a milliampere 
is found in the case of carbon filament lamps, but this current 
Increases rapidly as the lamp voltage is raised just as does the 
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thermionic current between the collecting plate and the 
positive lamp terminal. One very curious fact was soon 
discovered—viz., that the thermionic current may jump 


Current in milliamperes through galvanometer. 


Filament voltage of lamp. 
Fig. 18. 


suddenly from one value to a much higher one, even though 
the lamp voltage or P.D. of ends of the filament is kept 
perfectly constant. 

This is shown by the curve in Fig. 18, which delineates 
the result of one set of measurements of the thermionic 
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current of a carbon filament lamp, with horseshoe-shaped 
filament, and collecting plate placed midway between the 


‘legs, as in Fig. 3. 


Another set of observations were made with an electrostatic 
voltmeter which had its terminals connected respectively to 
the collecting plate and to the positive terminal of the lamp. 
It was found in all cases, when the carbon filament was 
brought to full incandescence corresponding to 3-5 watts per 
candle-power, that the metal collecting plate was brought 
down to the potential of the negative terminal of the filament 
so that the P.D. between the collecting plate and positive 
terminal of the filament was the same, or nearly the same, 
as the working voltage on the filament. Later observations 
made with lamps with tungsten wire filaments showed that 
the collecting plate may even be of rather lower potential 
than the negative terminal of the lamp, and hence a galvano- 
meter joined in between the collecting plate and the negative 
lamp.terminal may indicate in these cases a certain small 
current. 

Finally, the author tried some experiments with a vacuum 
incandescent lamp having a filament made of platinum wire, 
and proved that the same effects exist as in the case of a carbon 
filament, though less in degree. The result of all the research 
work, therefore, conducted on this matter between 1883 and 
1896 had made it perfectly clear that im the case of a carbon 
filament glow lamp, and also of an incandescent metallic wire, 
there is a projection of atoms, or molecules, from the incan- 
descent filament, and also a projection of negative electricity 
as well. : 

6. The Emission of Electricity by Incandescent Bodies.— 


_ Before considering the explanation which modern electrical 


theory gives of the above-mentioned facts with regard to the 
incandescent lamp, we must briefly review certain earlier 
researches in connection with the loss of electricity from 
incandescent bodies. 

It had become known to the investigators of electrical 
phenomena in the middle of the eighteenth century that 
heat and flame cause a leakage of electricity from charged 
conductors. 

In more modern times Becquerel discovered in 1853 that 
air at a temperature of about 1590° C. would conduct 
electricity even under an E.M.F. of a very few volts, and 
this was confirmed by Blondlot in 1881 and 1887. 

An important discovery was, however, made by F. Guthrie 

Lav, c 
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in 1873.1 He first found that at a red heat an insulated iron ; 


ball could retain a charge of negative electricity but not a 
charge of positive. 7 

At a white heat it could retain neither a positive nor a 
negative charge. 

From certain measurements given by him we may roughly 
estimate that at temperatures between about 750° C. and 
1000° CG. an iron ball rapidly loses a charge of positive 
electricity, and at 1200° C. or 
1300° C. and above it immediately 
loses either a positive or negative 
charge. Guthrie also showed that 
a platinum wire spiral heated to 
a dull red heat by an electric 
current rapidly discharged a gold 
leaf electroscope which had been 
given a negative charge when held 
near it. Ifthe said platinum wire 
was heated white hot it discharged 
the electroscope whether the latter 
was charged positively or nega- 
; tively. This experiment can 
QT $< more conviently be conducted by 
Fia. 19.—Exhausted Bulb with the use of a spiral of Nichrome 

an Incandescent Wire, AB,in wire such as is used in electric 


it, and Metal Plate, P, used : 
by Elster and Geitel to show radiators. : 

~ the emission of electricity The baMe experiment Cony e yea 
from incandescent. wires. be shown with an iron poker the 


tip of which is heated to a very 
bright red heat in a blacksmith’s forge. The red-hot poker 
discharges immediately a gold leaf electroscope which has 
received a negative charge of electricity, but does not discharge 
it if it has received a positive charge, when held near to it. 
These researches were continued about the year 1880 on 
rather different lines by Elster and Geitel, and their method 
consisted in heating by an electric current either a metallic 
wire or a carbon filament included in a glass vessel which 
could be exhausted or filled with different gases. Near this 
heated filament was fixed a metal plate carried on a wire 
sealed through the glass (see Fig. 19). This plate was con- 
nected to an electroscope. It was found that the plate became 
charged to a certain potential when the wire was heated. 


1 See Phil. Mag., 4th Series, vol. xlvi., p. 257, 1873, ““On a Relation 
between Heat and Static Electricity.” 
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Generally speaking, it was found by Elster and Geitel that 
a metallic wire gave off positive electricity at a temperature 
near or below a red heat, but at higher temperatures it evolved 
negative electricity, which increased rapidly in quantity as 
the temperature was raised, and therefore gave a negative 
charge to the insulated plate. Carbon filaments, however, 
were found to give off negative electricity at all temperatures. 

As some references later on will be made to the published 
papers of Elster and Geitel we give here the titles (in English) 
and references to the principal papers which concern us in 
this subject. : 

(1) “ On the Electricity of Flames,” Wiedemann’s Annalen, 
vol. xvi., p. 193 (1882). 

(2) “ On the Generation of Hlectricity by the Contact of 
Gases and Incandescent Bodies,” Wied. Ann., vol. nabs 
p. 588 (1883). 

(3) “On the Unipolar Conductivity of Heated Gases,”’ 
Wred. Ann., vol. xxvi., p. 1 (1885). 

This paper deals with the unsymmetrical conductivity of 
flames. _ 

(4) “ On the Electrification of Rarefied Gases and Electri- 
cally Heated Wires,” Wied. Ann., vol. Xxx1., p. 109 (1887). 

In this paper Elster and Geitel describe experiments made 
with an exhausted glass bulb having stretched across it a 
platinum wire which could be heated electrically. Above 
the wire was a metal plate carried on a platinum wire sealed 
through the glass (see Fig. 19). The bulb could be exhausted 
or filled with various gases. There is no mention of the use 
of a carbon filament. 

(5) “On the Generation of Electricity by Contact of 
Rarefied Gas and Electrically Heated Wires,” Wied. Ann., 
vol. xxxvil., p. 319 (1889). 

In this paper (dated March, 1889) Elster and Geitel mention 
the unilateral conductivity for direct currents of rarefied 
gases in tubes with one hot and one cold electrode. 

They employed for some experiments a carbon filament 
lamp with a plate sealed into the bulb, and mention that the 
filament emits negative electricity. There is no mention 
of the use of such a tube or lamp for rectification of alternating 
currents. 

This last paper of Elster and Geitel was only published a 
few months before the paper sent (in December, 1889) by 
the author to the Royal Society, to which reference has 
already been made. 
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The work of Elster and Geitel was purely scientific and had 
no technical application for the rectification of alternating 
currents or the use for any practical purpose of a carbon 
filament vacuum lamp having a metal plate sealed into the bulb. 

7. The Discovery of the Electron.—One characteristic of 
all the investigations on this subject, as above mentioned, 
was that none of their authors had been able to put forward 
any satisfactory explanation of the facts thus discovered. 
The ordinary two-fluid or single-fluid theory of electricity. 
and likewise Maxwell’s electromagnetic theory failed to give 
any reasons for these striking differences between the behaviour 
of positive and negative charges on hot bodies. 

In 1897 Sir J. J. Thomson made the first publication of 
the remarkable investigations which enabled him to demon- 
strate that negative electricity is always associated with 
masses at least 1,800 times smaller than the mass of an atom 
of hydrogen and that under certain conditions these electric 
corpuscles are emitted from hot bodies. 

Faraday long ago proved that in the electrolysis of liquid 
conductors the passage of a certain quantity of electricity 
through the liquid is always accompanied by the movement 
to, or liberation upon, the electrodes of a fixed quantity of 
matter or products of decomposition of the electrolyte. 

It was then and after recognised that electricity is conveyed 
through electrolytes only in association with atoms, or groups 
of atoms, called ions, in a fixed ratio, and that every such ion 
carries with it an electric charge which is an exact mteger 
multiple of a certain unit charge. 7 

In the case of the hydrogen atom or ion resulting from the 
passage of electricity through aqueous solutions of salts the 
quantity of electricity carried by the whole number of atoms 
of hydrogen which together weigh 1 gram (called the gram- 
atom of hydrogen) is 96,500 coulombs, or very close to it. 
Hence, since one coulomb is equal to one-tenth of an electro- 
magnetic unit (E.M.U.) of electrical quantity, we can say 
that for the hydrogen ion or atom, the weight of which is 
taken as unity, the ratio of charge (¢) to mass (m) is 9,650. 

According to Faraday’s Law of Electrolysis the same 
quantity of electricity passed through various electrolytic — 
cells will liberate on the electrodes masses of ions which are 
in the ratio of the chemical equivalents of these substances. 

Exhaustive experiments have shown that a current of one 
ampere flowing for one second—that 1s, one coulomb—deposits 
in a silver voltameter 0-001118 gram of silver on the cathode. 
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The atomic weight of silver is 108 and its valency is unity. 
Hence 108 is its chemical equivalent, that of hydrogen being 
unity. Accordingly a current of one ampere liberates from a 
water voltameter in one second a mass of hydrogen equal to 
0-00001035 gram. In other words, 96,500 coulombs, or 9,650 
K.M.U. of electric quantity, liberates one gram of hydrogen 
and 108 grams of silver at the cathodes of electrolytic cells. 

Now 3 x 101° units of electric quantity in electrostatic 
measure (H.S.U.) are equivalent to the electromagnetic unit. 
Accordingly 2,895 x 104% =3 x 10! x 9,650 E.S.U. | will 
liberate at 0° C. and 760 mm. pressure 11,200 cubic centi- 
metres of hydrogen gas which weighs one gram. 

Modern researches on the kinetic theory of gases have 
shown that in one cubic centimetre of any gas at 0° C. and 
760 mm. there are most probably 2-7 « 101° molecules. As 
the molecule of hydrogen contains two atoms there are 
11,200 x 5-4 x 10!® atoms of H. liberated by the passage of 
2,895 x 10" electrostatic units of electricity. Hence each 
hydrogen ion or atom must be associated with 
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electrostatic units (H.S.U.) of electric quantity. 

This charge of the hydrogen ion is denoted by e and is a 
negative charge. Hence we have 

e=4-77 x 10-!° electrostatic units. 
= 1-59 x 10-*° electromagnetic units. 
This very small quantity of electricity is Nature’s unit of 


electricity, and it is the quantity of negative electricity carried 


by one hydrogen ion in electrolysis. It is therefore a very 
important unit and was named by Dr. G. Johnstone Stoney 
in 1881 an electron, the importance of such designation having 
been indicated by him as early as 1874.1 

The mass of a hydrogen atom is 1:662 x 10-24 gram, and 
therefore the ratio of charge to mass or e/m for the hydrogen 
ion is 9,650 when e is measured in electromagnetic units. 

The study of the phenomena of electrolysis had already 
convinced some physicists that electricity, like matter, most 
probably exists in small indivisible units which may be called 
atoms of electricity. The charge of the hydrogen ion is this 
electric atom or electron, and all ions carry this unit or else 
some exact integer multiple of it in electrolysis. 


1 See Scientific Proceedings of the Royal Dublin Society, February 16th, 


1881 ; also Phil. Mag., May, 1881, p. 381. 
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8. The Conduction of Electricity by Gases.—Meanwhile 
evidence had been accumulating that in the case of conduction 
through gases electricity was moved in association with masses 
or matter of some kind. 

The discharge or conduction of electricity through the 
very rarefied gas in a high vacuum had been shown by Sir 
William Crookes to be accompanied by the projection of 
particles from the cathode or negative terminal which had 
all the properties of material particles in motion. When 
they impinged on small paddle wheels mounted in the vacuum 
tube they caused these wheels to rotate and they also produced 

- intense phosphores- 
cence when falling 
upon certain sub- 
stances, whilst other 
solid bodies placed 
in the path of the 
discharge cast 
shadows in their 
Fia. 20.—Cathode Ray Tube, having internal wake. 


deflecting plates, #, and external deflecting These particles 


pee ne a phosphorescent screen, S, also behaved as if 
o show the deflection of cathode rays b : 
electric or magnetic force. pone they carried charges 


oe of negative elec- 
tricity, being deflected by magnetic or electric fields. 

Approaching these known effects from a new point of view, 
Sir J. J. Thomson devised experimental methods of extra- 
ordinary ingenuity and power which enabled him to measure 
the ratio of charge to mass in the case of these cathode ray 
particles in a high vacuum tube. 

It will not be necessary to describe these methods in detail 
because the reader can obtain all information about them 
either from Thomson’s book, Conduction of Electricity through 
Gases (see chap. v.), or from any advanced text-book on 
modern physics. Suffice it to say that the method depends 
upon the deflection of a cathode ray particle from its path 
by the simultaneous action of an electric field and a magnetic 
field at right angles to each other and to the direction of 
motion of the particle (see Fig. 20). The charge carried by 
the cathode particle is denoted by e and its mass by m, and the 
experiments give the ratio e/m where e is measured usually 
in electromagnetic units. A brief outline of, the theory of 
the action as given by Sir J. J. Thomson is as follows : 

Let a particle of mass m, carrying a charge of electricity e, 


‘ 
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be moving in a straight line with velocity v, and let a magnetic 
force H act on it at right angles to its line of motion. Let e 
be im electrostatic units and H in electromagnetic units. 
Then the mechanical force acting on the particle is wHev, 
where p is the magnetic permeability of the medium. Hence 
if we take the dielectric constant K of the medium to be unity, 
since wK = I/c? where c=3 x 101°, we have the force f 
acting on the particle given by Hev/c? and the acceleration = 
Hev/mc? and the space moved over in a transverse direction 


a 


in a time ¢ is $ —s t?. 


Let this Aeclademcds be called 6. Then during the same 
time the particle moves a distance / in the original direction, 
, Hev lpr 


mere k= vi. “Hence = 4, = $=, H— -. Now 6, land 
me v Gage tiD 


a>! 
H are capable of measurement, and hence — - = A, say, 
mv 


becomes known. 

Again, suppose we subject the particle to the action in a 
transverse direction of an electric force H at right angles to 
its lme of motion. The mechanical force exerted on it is 
He and its acceleration is eH/m and its displacement in a 


time ¢ 1s 
Sees nEa(E _Hp,pel 
m\v 2 mv 


we gnt hy 
Hence, if 6’, and # are measured, we obtain Se B, say. 


If then we adjust matters so that the two displacements 
6 and 8’ are equal ane observe H, H and | we have v = A/B 


PL E 
ye and < = ee 7p 

If the particle carrying the charge is a cathode ray particle, 
then we can observe the deflections due to the electric and 
magnetic forces by allowing the particle to strike against a 
screen covered with phosphorescent material and there causing 
the appearance of a bright spot of light. The displacement 
of this spot enables us to measure 6 and 6’. The details of 
the apparatus required for this purpose will be found described 
in Thomson’s book Conduction of Electricity Through Gases, 
chap. v., or in his book The Corpuscular Theory of Matter 
(Constable & Co.). 

9. Ratio of Charge to Mass for the Electron.—Thomson’s 


a eee 
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most important experimental result was that the ratio e/m was 
quite independent of the nature of. the residual gas in the 
high vacuum tube and of the material of which the cathode 
was made. His early numerical measurements were found 
subsequently to be rather too low, but the measurements 
being repeated by him and many other physicists have led 


to the conclusion that for the cathode ray particle the ratio e/m 


is very nearly 1-77 x 107 when e is measured in electromagnetic 
units, and is 5-31 x 1017 if eis measured in electrostatic units. 

Now this number, 1-:77.x 107, is at once seen to be more 
than 1,700 times greater than the ratio e/m = 9,650 for a 
hydrogen ion, and the question at once arose, is this due 
to e being greater or m being less in the case of the cathode 
particle? To settle this question, Thomson devised other 
experiments of very great ingenuity, based on the following 
principles : 

If air at ordinary temperature and pressure is saturated 
with moisture any sudden expansion or enlargement of the 
vessel containing it, which increases the volume in a ratio of 
about 4 to 5, will not cause any cloudiness to appear in the 
vessel, provided the air is quite free from dust. Dust particles 
act as nuclei for condensation of water-vapour into water 
particles forming clouds. Hence dust free from air may be 
cooled by expansion to a certain degree, and will remain 
supersaturated with water vapours uncondensed into cloud. 

It was, however, shown by C. T. R. Wilson, in 1897, that 
gaseous ions in air—that is, atoms or groups of atoms having 
a positive or negative electric charge—could act like dust 
particles and cause precipitation of water vapour into white 
clouds, when the air was suddenly increased in volume in 
the ratio of not less than 4 to 5, or by about 20 to 25 per cent. 
It had also been found that Réntgen or X-rays could create 
gaseous ions in air, and these, like dust particles, have the 
property of condensing water vapour round them so as to 
form a cloud of water spherules, when air supersaturated 
with water and containing gaseous ions is suddenly expanded 
in volume in about the ratio 5 to 4. 

10. The Charge of the Electron.—J . J. Thomson applied this 
discovery of C. T. R. Wilson in a highly remarkable way to 
determine the electric charge on a gaseous ion produced by 
the action of X-rays or any other means. 

A glass vessel has in it a tightly-fitting piston which can 
be suddenly displaced so as to expand some air saturated 
with water vapour. If this air is dust-free and expanded to 
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not more than 1-25 times its original volume, no cloud will 
be formed. 

If the air is ionised by exposing it to Réntgen or X-rays, 
some of the air molecules will acquire a positive and some a 
negative charge. These act as nuclei and condense round 
them water molecules, so that when the air is expanded 
suddenly a cloud forms in the vessel. If the expansion ratio 
is between 1-25 and 1:3 only negative ions are caught, and 
condense water vapour molecules round them. If this cloud 
is left to itself it subsides in the vessel, because each little 
droplet of water very slowly falls through the air. 

If the radius of each spherical droplet of water is a, and 
if ¢ is the coefficient of viscosity of the air, then the drop in 
falling soon attains a final constant velocity, v, which Sir 

2 
George Stokes had previously proved was given by v = me 9; 
where g is the acceleration of gravity. 

The proof of Stokes’s formula is rather long, but it is given 
in Lamb’s treatise on The Motion of Fluids (chap. ix., p. 226), 
and also in Stokes’s original paper in the Cambridge Philo- 
sophical Society’s Transactions, vol. ix., p. 48. Stokes showed 
that the falling sphere is losing potential energy at a rate 
6 7 acu”, and hence the moving force is 6zacv. But this 


must also be equal to a7 a®g (oc — p), where o is the density 


of the sphere and p that of the medium. In the case of a 

water sphere falling in air, p is negligible compared with o. 
2 

Hence we have v = a 

Accordingly, when the cloud of vapour sinks, we. can 
observe the rate at which the upper surface, which is well 
defined, falls, and this gives us the value of ». 

Maxwell found that the viscosity (c) of air, not very highly 
rarefied, is independent of the density, but proportional to the 
absolute temperature, and for air at ¢° the value of ¢ is : 

c = 0-0001878 (1 x 0-00366 ¢°). 
A drop of rain of ;,5,th inch in diameter, therefore, falls at the 
rate of only ? inch per second in still air. This explains how 
it is that the white clouds of water particles seen in the sky 
appear to float in the air. They are in fact falling to earth, 
but very slowly. 

If, then, in the Thomson experiment there are n negative 
ions in each cubic centimetre and each forms the nucleus of 
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a spherical drop of water cloud of radius a, the whole volume 


of water per cubic centimetre is ¢ =n : 7 a, 


Let p, be the density of the water vapour after expansion 
but before condensation begins, and p the density at the final 
temperature ¢°, then p,—p=q. If L is the latent heat of 
water vapour, then Lq is the heat given out in this condensa- 
tion. During the sudden expansion the air will be cooled 
from T°C to ¢°,C, but the evolution of the latent heat 
by condensation raises the air toa temperature, ¢°. If S is 
the specific heat of air and M the mass per unit volume, we 
have 


Lq = SM (t — t,). 
Hence p=Ppi-— = (¢ — t). 


In this equation p is a known function of the temperature, 
t, and this is given in hygrometric tables. If 7 is the tempera- 
ture at the beginning of the experiment, and P the pressure 
of the gas in millimetres of mercury, then since 1 c.c. of air 
at O°C and 760 mm. weighs 0:00129 gram, we have 


Woe 00129 273 P 
Rare ha | eles ens 


where « is the ratio of final to the initial volume of the gas. 


/ 


Also, pi 7 


where p’ is the density of water vapour at T°C before expansion. 
This can be obtained from the hygrometric tables. 

Now, in adiabatic or sudden expansion of air the relation 
between volume v and pressure p is given by the equation 
pv'4t —a constant; whilst for slow expansion we have 
pv = RO, where R is the so-called gas constant, and @ is the 
absolute temperature. Therefore, for adiabatic expansion, 


v9 41 x §@ =a constant 


or ~ log. ie = 0-41 log 
2 2 
VG vie (He eee ; 
or log. 973 i 0-41 log w. 


From this equation we can find ¢,, when « and T are given. 
Then we have : 
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and we can substitute the value of t, and x from the previous 
equation. This last equation can be solved by substituting 
various values for ¢, and finding the corresponding value of 
p, until we reach values of ¢ and p, which agree with the 
corresponding values in the hygrometric tables. 

Having then found p and p, we know gq, and also having 
found a from Stokes formula we find n = 3q/47a3, which gives us 
the number of drops and therefore of negative ions in the cloud. 

By this very ingenious method Thomson weighed the cloud 
of water spherules and counted the drops of water forming 
the cloud and therefore determined:the number of ions round 
which the drops were formed. He had then to determine the 
whole electric charge contained in this miniature thunder- 
cloud. To do this the cloud was formed between a metal 
plate connected to one terminal of an electrometer, the other. 
terminal being joined to the water surface which supplied 
the water vapour. If the electrometer is charged to a potential 
difference V and if the capacity of the whole system is C, then 


a denotes the rate at which electricity is lost or gained by 


each terminal. 

When so placed between two surfaces at potential difference 
V and distance apart d the ions are subject to an electric force 
& = V/d, and if A is the area of the plate and wu the velocity 
of the ions per unit potential gradient or electric force, then 
neuHA is a measure of the electric current represented by the 
slow migration of all the ions under the action of this electric 
force E. 

Sir E. Rutherford had determined the velocity of a negative 
ion in air at normal pressure to be 1-5 centimetres per second 
per potential gradient of 1 volt per centimetre. 

Hence in electrostatic units u = 1-5 x 300 = 450. 

Accordingly if we determine the loss of electricity per 
second corresponding to a certain reduction in deflection of 
the electrometer and so find the value of the decrease expressed 
as a current in electrostatic units, we have the value of newAE, 
_ and hence of e the ionic charge, when all the other quantities 
are known. Otherwise if we know the mass m of each drop 
of water, then the downward force on it is mg ; and if each drop 
contains an electron of charge e, and if the electric field EZ is 
adjusted to such a value that the cloud surface ceases to sink, 
then we have He = mg, and hence the electron charge e can 
be determined. 

In this way Thomson first found a value for e the electric 
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charge in a hydrogen ion to be e = 6-5 x 10-19 electrostatic 
units. But subsequent measurements by Thomson and 
others, and especially recent work by Prof. R. A. Millikan, 
have given a corrected value e = 4-774 x 10-19 (E.S.U.). 
This has been confirmed by other investigators. | 

The above-described experiment repeated with various 
gases ionised in various ways, by Rontgen rays or by radium, 
always gave nearly the same value for the ionic negative 
charge e, and it will be seen that it is exactly the same as the 
charge of the hydrogen ion obtained from electrolysis of 
aqueous solutions. 

Hence it is more than probable that we are here concerned 
in all cases with the same natural unit of electricity—viz., 
the electron. 


We have, however, seen that in the cathode ray tube the 


ratio of e/m for the cathode ray particle is 5-31 x 101”, when 
e is reckoned in electrostatic units, and accordingly the mass 
m of the cathode ray particle must be 
4-77 < 10-10 
5-31 x 101” 

But we have seen that there are most probably in | c.c. 
of hydrogen at 0° C. and 760 mm. 2-7 x 10!9 molecules or 
5-4 x 1019 atoms, and this volume of gas weighs 1/11,200 gram. 
Hence the weight of an atom of hydrogen is 1-66 x 10-4 
gram. Therefore the cathode ray particle has a mass*which 
is 54/100,000, or about >s5th of that of a hydrogen atom. 

This astonishing experimental achievement of Sir J. J. 
Thomson revealed therefore that in these cathode ray particles 
or corpuscles we have masses nearly 2,000 times smaller in 
mass than atoms of hydrogen, until then supposed to be the 
smallest masses in Nature. 

11. Value of e/m for Various Cases of Electron Emission.—Sir 
J. J. Thomson then directed his attention to two other cases 
in which electricity passes through gases, one of which particu- 
larly concerns us here. 

If an insulated plate of zinc is charged with negative 
electricity and is illuminated by ultra-violet light the charge 
rapidly leaks away to an earth-connected grid or grating 
placed parallel in front of the zinc plate. Electricity must 
therefore pass through the air from one surface to the other. 

Suppose, then, that we have two metal plates placed parallel 
to each other and that we bring them to different potentials. 
There is then an electric force acting in the space normal to 
the plate surfaces. Ii a uniform magnetic field of strength H 
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is created with its lines parallel to the plate surface we shall 
have electric and magnetic forces perpendicular and parallel 
respectively to the metal surfaces. 

Let an ion start from one of the plates which we shall 
suppose to be the-negative plate and move towards the 
other positively charged plate under the action of the electric 
force #. Let d be the distance between the plates, and let 
them be at a difference of potential V ; then H = V/d. Let 
H be the magnetic force parallel 
to the plates and let e be the 
ionic charge. Then Ee is the 
mechanical force on the ion per- 
pendicular to the plates. The 
ion, however, experiences a de- 
flecting force equal to the product 
of He and its velocity at that Q 
instant and perpendicular to the O 
direction of that velocity. 

Suppose that the place from 
which the ion starts is taken as /Y pP 
the origin and that the axis of x 
is taken perpendicular to the 
plates and that of y parallel to 
the plates. Then da/dtand dy/dt 
are the axial component velocities ; 
of the ion. Hf 

The resultant force on the Fie. 21.—Generation of a 
: iar Cycloid. 
ion along the g-axis is then 
dx 

f 


_ He — He ay and that along the y-axis is He —. Accordingly 


dt’ d 
by the Second Law of Motion we have the equations 


dx dy 
mM as = Ke — He * 
het) oat Ags ts 
mM a3 = He Fe 


or using the Newtonian notation in which a dot over a letter 
signifies differentiation with regard to time, and two dots 


double differentiation, we have the equations, 
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These equations show that the path of the ion is a cycloid. 

A cycloid is the curve described by a point on the circum- 
ference of a circle which rolls on a straight line. 

Let OPQ be a circle (see Fig. 21) rolling on a straight line 
OA. Let P be any point on the circle, and let the radius of 
the circle OC =r. Let x and y be the co-ordinates of P, 
and A the origin or contact place from which the circle starts 
to roll. 

Then let AN = y and NP = g, and let the angle through 
which the circle has turned = OCP be denoted by pt, where p 
is angular velocity, and ¢ = time of rolling.. It is then obvious 
that 

“x = 7 — 71 COS pt 
y = rpt — rsin pt 

Differentiate these equations twice with regard to ¢, and 

we obtain 
C= rp — py, Y = pe. 

If we compare these two last equations with the above 
equations of motion of the ion, we see at once they are identical 
provided we put p= H — and ef = a ~ This proves that 
the path of the ion must be a cycloid. 

Hence, if the ion starts from one plate under the action of 
the two forces due to the electric and magnetic force, it will 
curl round in a cycloidal path. If, then, the distance between 


the two plates exceeds twice the radius of the circle, or aa - : 
the particle will never reach the-second plate. 

Thomson applied the above theorem to the case of the ions 
emitted by an incandescent carbon filament. He stretched 
a filament close in front of a metal plate, and placed at a 
certain distance, d, from it a second parallel metal plate. 
These plates and filaments were included in a glass vessel 
very highly exhausted. The filament was connected to the 
plate just in contact with it, and a difference of potential, V, 
made between the plates. 

Hence the electric force H = V/d. Coils of wire were 
placed outside the tube, and through them a current was 
sent, so as to make a magnetic force, H, of known and adjust- 
able value parallel to the plates. When the carbon filament 
was made incandescent it emitted, as we have seen, negative 
ions, and by adjusting the magnetic field it was possible 
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just to prevent these ions reaching the second plate. From 
measurements of H, V, and d it was then possible to solve 
the equation d = = ~, so as to obtain the value of e/m. 

Thomson’s experiments made by the above method in 1899 
led to a value of e/m for the negative ions emitted by an 
incandescent carbon filament which was not very different 
from that obtained from experiments on the cathode ray 
corpuscle, but in absolute value were too low. More recent 
measurements by Professor O. W. Richardson gave values 
e/m = 1:45 x 107 and 1-49 x 107, and more recent work still 
by Bestelmeyer, who used an improved method, has given the 
value e/m = 1-766 X 107 in E.M. units, and this is very close 
indeed to the best results for the cathode ray corpuscle, 
which, as we have seen, gives e/m = 1:77 x 107 in E.M. units. 
For full details of the latest and best work on this matter 
we may refer the reader to the book by Professor O. W. 
Richardson, The Emission of Electricity from Hot Bodies 
(Longmans, Green & Co.), in which the theoretical and physical 
side of the subject is most fully treated. 

Summing up the results of twenty years’ physical discovery 
on this subject, we may say that an exceedingly strong body 
of proof has been built up supporting the following state- 
ments : 

12. Various Numerical Constants concerning Electrons.—The 
agency we call Negative or Resinous Electricity is atomic in 
structure, and the atom or smallest indivisible unit of it is 
called an electron (=e). The electron charge is equal to 
4-774 x 10-1 of an electrostatic unit of quantity of electricity, 
or to 1-591 x 10-?° of an electromagnetic unit, or to 15-91 x 
10-*° of a coulomb. It is the quantity of electricity conveyed 
by a hydrogen ion or atom of hydrogen in electrolysis, and is 
Nature's unit of electricity. A current of one ampere flowing 
for one second is equivalent to the passage of six million 
million million (6 x 10") electrons across any section of the 
circuit. 

This electron has a certain mass (= m) which is approxi- 
mately 1/1,800 of that of a hydrogen atom, and is close to 
9 x 10-*8 of a gram. 

The question has been much discussed whether the electron 
is anything else but a point-charge of electricity, and whether 
its mass is due to anything but the electrical properties of a 
moving charge of electricity. 

If we consider a small sphere charged with electricity 
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to be at rest, it exerts radial electric force which at a point 
at distance 7 from its centre is e/r?, where e is the electric 
charge. When the sphere is at rest the lines of electric force 
are everywhere radial to the sphere. If the sphere is set in 
uniform motion with a velocity, v, then the moving charge 1s 
equivalent to an electric current, and it creates in surrounding 
space a magnetic force distributed in circles whose centres 
lie on the line of motion and planes are perpendicular to it. 
At a point at distance r, the radius vector making an angle @ 
with the line of motion, the magnetic force, H, due to the 
moving charge, has the value 


2 ev sin 6 
me: pone 2 3 
H=(1 ") ye (1 — 5 sin’ 0) 


where c = 3 X 101° cms. per second, and.e is the charge of 
the sphere.- The proof of this formula 1s difficult, but has 
been given by Sir J. J. Thomson in his book Recent Researches 
in Electricity and Magnetism, p. 19, and also by Mr. Oliver 
Heaviside in his Electrical Papers.1 It has been somewhat 
simplified by the author for his own University lectures. 

If the velocity of the sphere is small compared with that 
of light (= c), then the above formula reduces to the formula 
of Ampere: H = na for the magnetic force of a current 
element, ev, at a point 7, 6. If the sphere moves quickly, 
then the lines of electric force do not remain uniformly distri- 
buted round the sphere, but crowd up towards the equatorial 
plane, assuming that the direction’ of motion is that of the 
polar axis. 

The sphere creates a magnetic field whilst it moves, and a 
magnetic field of strength, H, implies that there is energy 
equal to H?/87 per unit of volume in that field. 

If we consider the velocity of the sphere is small, so that 
22/2 can be neglected in comparison with unity, then 


H?  ev% sin? 0 
87s Barr* 
To obtain the energy of the whole magnetic field, we have 


to integrate this expression throughout all space external to 
the sphere, which latter we shall suppose has a radius a. 


1 See J. J. Thomson, Phil. Mag., 5th Series, vol. xi., p. 229, 1881; also 
Oliver Heaviside, Phil. Mag., 5th Series, vol. 324, 1889. 
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Calling this energy 7’, we have 
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Accordingly, the whole kinetic energy of the sphere is 


e2y2 ( a 
1 mw ye 2 
m2 + =(m 2 
Rbithys aoe 


The mass of the electrified moving sphere may therefore 
be regarded as increased by an amount 2e?/3a, due to its 
electrification. This is called the electrical mass of the moving 
sphere. In the case of the electron the question which arises 
is, Whether there 7s any other mass than the electrical mass ? 

Kaufmann measured, in 1901, the ratio of e/m for certain 
cathode ray corpuscles moving with high velocity and, later 
on, of others emitted by radium, and had found that this ratio, 
e/m, is reduced in value as the velocity of the particle is 
increased ; and from this Sir J. J. Thomson and others con- 
clude that the mass of the moving electron may perhaps be 
wholly due to the energy stored up in its magnetic field. If 
this is a fact, and if we assume a spherical form for the cor- 
puscle, we can find its radius, a, for we have found the mass, 
m, of the corpuscle to be 9 x 10-8 gram, and its charge, e, 
to be 1-59 x 10-29 K.M. units. Therefore, 

ren ee 2 (1-59)? ‘ 
0% = $4 = 97 ipa = 185 x 10 
Hence the radius of an electron is of the order of one ten- 
bilionth of a centimetre. The radius of an atom of matter 
is of the order of one hundred-millionth of a centimetre, and 
therefore the electron has a diameter of about one hundred- 
thousandth of that of a chemical atom. 

The dome of St. Paul’s cathedral is about 110 feet in 
diameter, and that of St. Peter’s at Rome about 170 feet. 

The diameter of an ordinary small pin’s head is about 
qisth of an inch. If we imagine a great balloon having a 
diameter five times that of the dome of St. Paul’s, or three 
times that of St. Peter’s, then such a sphere would be as 
much larger than an ordinary pin’s head as an atom of hydrogen 
is possibly larger than an electron. 

Vs D 


34 Tur THERMIONIC VALVE 


These conclusions as to the volume of an electron are 
not, however, established with the same degree of certainty 
as is the case with its mass. Mr. A. H. Compton (see Journal, 
Washington Academy of Science, vol. viii., p. 1, Jan. 3rd, 1918 ; 
also Science Abstracts, vol. xxi.a, May, 1918, abs. 549) has 
given reasons for thinking that the electron cannot be a charged 
sphere of so small a diameter as 10-18, but may be a charged 
ring of a radius of about 2 x 10-1° cms. capable of rotating 
about any axis. If this is so, we may come back to some kind 
of Vortex-ring theory of electron structure as originally 
propounded by Lord Kelvin for the chemical atom. 

Then, as regards positive electricity, there is evidence 
that this also is atomic in structure. The ratio e/m has 
been measured for positively charged corpuscles in a high 
vacuum tube, and it is found to be of the order of e/m for 
a hydrogen ion in electrolysis—viz., about 10%. Hence 
positive electricity is associated with masses of the size of 
atomic masses. 

The generally held view at present is that an atom is a 
sort of solar system in miniature. The nucleus of the atom 
is a charge of positive electricity concentrated in a very 
small space, which may consist of one or more positive electrons 
called protons. The nucleus consists in all probability of a 
number of protons held together by strong electric forces to 
electrons, the protons predominating in number. The excess 
of protons in the nucleus is called the atomic number. 

The gravitative mass of the atom is chiefly due to this 
positive nucleus. Around this nucleus circulate a group of 
negative electrons like planets round the sun. If the number 
of negative electrons is sufficient to equilibrate the positive 
charge, then the atom is in a neutral electrical condition. 

If the neutral atom is deprived of one or more negative 
electrons, it is positively charged and constitutes a positive 
ion. If the neutral atom gains or takes up one or more 
negative electrons, it becomes negatively charged and forms 
a negative ion. Chemical atoms have certain loosely held 
or detachable electrons, which are called the valency 
electrons, and the view is very widely held that chemical 
attractions and combinations are due to electric forces acting 
between atoms, or groups of atoms, which have respectively 
gained or lost electrons. 

In a solid metallic conductor, or conductor such as carbon, 
it is supposed that there is a continual exchange of negative 
electrons between neighbouring atoms. Electrons are, so to 
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speak, jumping from atom to atom, and during their time of 
passage they constitute what are called the “ free” electrons. 

These motions take place in all directions, and the tempera- 
ture of the body is determined, at any rate in part, by the 
kinetic energy of these free electrons. If an electromotive 
force acts on the conductor it applies a definite electric force 
to these free electrons, and over and above their indiscriminate 
motions a certain steady drift of electrons in one direction 
then takes place, which constitutes an electric current. These 
free electrons may be regarded as the molecules of a kind of 
gas existing in between the chemical atoms of the conductor. 
It has been, therefore, assumed that they obey the ordinary 
gas laws. ‘The free electrons have a certain “‘ mean free path ” 
and a certain “ mean square velocity,” like gas molecules. 

They do not at ordinary temperatures escape from the 
conductor, because if any did it would leave the conductor 
positively electrified, and this would tend to prevent the 
escape of more electrons. 

But if the temperature of the conductor 1s raised the electrons 
may acquire such velocities that some are flung out beyond 
the attractive range of the positive ions left behind. This 
escape of the free electrons rises very rapidly with temperature, 
and constitutes what is now called the thermionic current from 
the incandescent wire. This current is measured by the 
quantity of electricity escapimg per square centimetre per 
second from the surface of the incandescent wire or body. 

13. Thermionic Emission.—The study of the ‘nature, 
variations and magnitude of this thermionic emission has been 
the subject of much investigation from a purely physical 
point of view. 

As the chief purpose of the present volume is to direct 
attention to the technical applications of this phenomenon, 
we shall not occupy space with descriptions or discussions 
of the physical problegs more than is necessary to explain 
the general principles involved. The experimental examina- 
tion of the effect has been chiefly conducted by means of a 
simple apparatus, consisting of a straight metallic wire or 
carbon filament which is attached to platinum electrodes and 
sealed into a glass cylindrical bulb in an axial position. 

Surrounding the filament is a tubular electrode made of 
metal, generally platinum, and this cylinder has a metallic 
connection made to it by a platinum wire welded to the 
cylinder and sealed through the glass (see Fig. 22). 

The glass vessel can be exhausted to various pressures 
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through a side tube or filled with various gases. If the 
surrounding metal cylinder is not employed, and if the wire 
or filament is heated by an electric current passed through 
it, then the ions or electrons given off by the wire would 
accumulate to a certain extent in the space, vacuous or 
gas-filled, round the wire and create a space electric charge 
which would soon prevent any further emission. This 
explanation of the limitation to the increase of the thermionic 
emission was first given by Mr. C. D. Child in 1911 (see Physical 
Review, vol. xxxi.., p. 498, 1911). | 

By employing the metal cylinder we can make a definite 
difference of potential between the heated wire and the cold 
cylinder, and, therefore, an electric force so directed as to 
urge the ions from the wire to the embracing cylinder. The 


Fic. 22.—Exhausted Tube having in it a metal cylinder and concentric 
incandescent tungsten wire to show the thermionic emission 
from the wire. : 


arrangement has also the convenience that we can determine 
the temperature of the mcandescent wire by measuring its 
resistence or ratio of volt-drop down the filament to current 
through it, or else by making the filament one arm of a Wheat- 
stone’s Bridge arrangement. 

If we have previously determined the resistance of the 
filament at several standard temperatures we can by imter- 
polation or extrapolation determine its temperature corre- 
sponding to other resistances. 

Such an apparatus is a convenient modification of the 
lamps used by the author or by Sir William Preece in examining 
the “ Edison effect.” 

As soon as experiments began to be made with the above 
apparatus it was found that the observed effects were compli- 
cated and depended upon a great many factors, such as 
(1) the material of the wire or filament heated, (2) its tempera- 
ture, (3) the gases or impurities occluded in it, (4) the nature 
of the gas surrounding it, (5) the pressure of this gas, and (6) 
the previous treatment of this wire as regards heating and 
exhaustion. 

Broadly speaking, we may say that when the pressure of 
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the gas in the bulb is not extremely small—that is, when the 
vacuum is not extremely high—the effects will be. complicated 
by the ionisation of this gas by the electrons emitted by the 
wire or filament, and this will give rise to positive and negative 
ions in the surrounding gas. 

It soon became clear that to simplify the phenomena the 
removal of all gas round the heated wire and all gas films 
from the interior surfaces in the vessel and occluded gases 
from the materials was essential. This can only be done by 
prolonged heating of the whole apparatus and most careful 
exhaustion. 

For this purpose very perfect mechanical vacuum pumps, 
such as the Gaede pump, must be employed and the exhaustion 
completed by the use of chemical means or by Sir James 
Dewar’s method of absorption of residual gases by charcoal, 
particularly cocoanut charcoal fragments, cooled in liquid 
air (see chap. v., sect. v.). 

It is also necessary to heat the experimental vessel in an 
electric furnace, or by other means, during the exhaustion, 
and to prevent the collapse of the glass tube this may have 
to be done in a vacuum electric resistance furnace. The 
greatest difficulty is to eliminate occluded air or gas from the 
metal collecting cylinder. 

As these precautions are equally necessary in the construc- 
tion of thermionic detectors used in radiotelegraphy a few 
more details may be given. It is an extremely difficult 
matter to heat a metal collecting plate which is sealed up 
inside an exhausted glass vessel sufficiently to expel occluded 
gas by mere external heating. It is easier to do it if the 
collecting plate is formed of a wire coiled into a close spiral 
with turns nearly in contact, because then both ends of this 
wire can be welded to platinum wires which are sealed through 
the glass, and we have then access to the terminals of the 
spiral wire and can heat it intensely by an electric current 
- passed through it. 

We can then aid the exhaustion by the method of Sir James 
Dewar, connecting the glass vessel to a glass bulb filled with 
crushed fragments of cocoanut charcoal (see chap. v., sect. V.). 
This bulb has to be hermetically sealed to the thermionic 
vessel. When the vacuum has been made as high as possible 
by the pump the charcoal bulb can be immersed in liquid air 
and will absorb the residual gas. By long-continued heating 
and pumping it is possible to reach a state in which the pressure 
of the residual air does not exceed 10-®, or even 10-8, of a 
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millimetre of mercury. As the diffusion of the rarefied air 
along connecting tubes is slow the exhaustion and simultaneous 
heating of the bulb to about 400° C. may have to be continued 
for several days. At the same time an electric current must 
be passed through the wire or filament of carbon to heat it 
and to expel from it all absorbed gases or volatile material. 
Tungsten forms a very suitable material for the incandescent 
wire. This metal has a very high melting point (3,270° C.), 
vastly higher than that of platinum (1,755° C.) and higher 
than the temperature at which carbon: begins to. volatilise 
rapidly. Tungsten is very non-volatile and can. be heated 
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Fia. 23.—Characteristic or Volt-ampere Curve of a highly rarefied gas 
or nearly perfect vacuous space. 


for long periods to a very high temperature without change. 
It is possible therefore to obtain from it very large thermionic 
emission, as much as a coulomb or more per second per square 
centimetre of surface. A thermionic current of the above 
strength implies the emission of 6 < 101° electrons per square 
centimetre per second. We shall presently discuss the origin 
of these electrons. | 

If in such an apparatus as above described we pass a current 
through the wire and heat it to a known absolute temperature 
T, and if we apply a battery of known voltage to send a 
negative current from the hot filament to the cold cylinder and 
measure the thermionic current, we can plot out in the form of a 
curve the relation between thermionic current and potential 
difference (P.D.) between the filament and cylinder. I the 
vacuum is very high so that secondary ionisation effects are 
avoided, we find that the curve so delineated resembles in 
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form the magnetisation curve of iron. The thermionic 
current increases at first slowly, then more quickly, but finally 
attains a nearly constant value, which is not exceeded provided 
no secondary ionisation takes place (see Fig. 23). The reason 
that the thermionic current attains but does not exceed this 
constant value is because at any fixed temperature of the 
filament there is a certain rate at which electrons can be 
emitted by it, and we cannot carry them across to the plate, 
no matter what the potential of the latter 1 is, faster than they 
are emitted. 

When this point is reached the current is said to be saturated, 
and it has been found that this saturation current has a 
definite relation to the absolute temperature T of the hot body. 

14. Richardson’s Work on Thermionic Emission.— Proceed- 
ing on certain physical hypotheses, Professor O. W. Richard- 
son 1 has expressed in mathematical form the relation between 
the saturation current and the temperature of the material 
furnishing it involving certain numerical constants. One of 
those formule is derived by considering the emission of 
electrons from an incandescent material in a high vacuum 
to be analogous to the process of evaporation of a liquid by 
heat. There are numerous facts, such as the Brownian 
motion, which show that the molecules of a liquid like those 
of a:gas are in rapid, but irregular, movement. This motion 
increases with temperature. When a molecule near the surface 
acquires a certain kinetic energy it may be projected from the 
surface, and work has to be done to remove it against the 
attraction of the remaining mass. This work is, as it were, 
expressed in the so-called latent heat of evaporation. There 
is also evidence that in the case of solid substances, which are 
conductors of electricity, there are free electrons which are 
moving in an irregular manner from atom to atom, or in the 
atomic interstices. An electric current is a drift or mass 
motion of these free electrons superimposed on their irregular 
motion. Rise of temperature increases rapidly the velocity 
of this irregular motion and the kinetic energy of the free 
electrons. We may, therefore, regard these free electrons as 
the atoms of a kind of gas existing in the inter-atomic spaces 
of the metal or conductor. When the temperature rises 
sufficiently, the free electrons may acquire enough energy to 
fling them out of the surface against the electric attraction of 
the remaining positive charges. This requires the expenditure 
of work, and this work is represented by what may be called 


1 See Phil. Trans. Roy. Soc. Lond., vol. cci., p. 516, 1903. 
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the latent heat of evaporation of the electrons from the 
conductor. Starting with this analogy, Richardson derived 
by several lines of argument a formula for the relation between 
the absolute temperature in Kelvin degrees (7), the number 


of electrons emitted per second per square centimetre from the 


surface at saturation, the latent heat of electronic evaporation 
b, and a certain specific constant A different for each material. 
This formula was of the type 


Nie A Tee © 


It has, however, been found that observations agree rather 
better with the modified empirical formula, 


b/T 


N=AV! pes) 

We can also express the relation in terms of the saturation 
current J per square centimetre in terms of 7 and certain 
constants OC and b: I = CwT7' «- 4/7, where ¢ is the base of the 
Napierian logarithms. We can also reckon J in its equivalent 


in number of electrons per second per square centimetre N, 


and write N = AVT «7 ""”. | . 

Since a current of one ampere implies the passage of 
6-28 x 1018 electrons per second across any section of the 
conductor we can evaluate the thermionic current in either 
electrons per second or in amperes. 

By multiplying N by the electronic charge e = 4:8 x 10-1 
and then dividing by 3 x 10-® we reduce to milliamperes 
per square centimetre of surface (= 2). 

The value of the constants A and b have been determined 
for various materials. 

For a platinum wire Richardson found A = 7-5 x 10%, 
b = 4-93 x 104: for a carbon filament he found A = 10%, 
b —7-8 x 104; whilst for a tungsten wire Langmuir has 
found A = 1-55 x 1026, 6b = 5-25 x 104; and for tantalum 
A= T45 & 1025b = 5 X 104. % 

The constant b seems in all cases to be of the order of 
50,000, but A is very variable. 

Either of the above formule for I or N gives results in very 
fair agreement with observation. 

It will be seen that the electronic emission from the heated 
wire rises up very rapidly with increase of temperature, and 
hence the advantage in technical applications of employing 
a material like tungsten which can be heated without-alteration 
to a high temperature. 
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As an illustration of the magnitude of the electronic emission 
from an incandescent filament of tungsten the following 
figures may be given: Assume that the temperature 7 of 
the filament is 2,500° abs.; then “7 = 50. For tungsten 
Irving Langmuir has given the constants A = 1:55 x 1026 
and 6 =5-25 x 104 in the second Richardson formula. 
‘Hence, we have for the number of electrons (N) emitted per 
second per square centimetre-of the filament. | 


N =1-55 « 1026 x 5O x ©—52500/2500 
and N =-7-75 x 1018. 


But one ampere corresponds to 6-28 x 1018 electrons per 
second. Hence the thermionic current is nearly one ampere 
per square centimetre at this temperature. 

Sir J. J. Thomson has shown (see his book Conduction of 
Electricity through Gases, p. 166) that from the known values 
of the constants A and 6 in the Richardson formula we can 
determine the number of free corpuscles or electrons (N) per 
unit volume of the metal or material used for the heated 
filament, and also the work (w) required to drag or force an 
electron out of the metal. Thus from experiments on a 
platinum wire by Richardson ‘which gave A = 1-5 x 1028, 
b = 4:93 «x 104, Thomson deduces N = 1:3 x 10?! and w = 
oo L0>" ere: 

Broadly speaking, it appears that the number of free 
electrons in a conductor in any volume is of the order of the 
number of atoms in the same space. 

15. Origin of the Electrons emitted by an Incandescent 
Wire.—A matter which has been very much discussed is the 
origin of these negative ions or electrons emitted by a highly- 
heated metallic wire or carbon filament. 

It was found by H. A. Wilson that the thermionic emission 
from an incandescent platinum wire was greatly increased 
by admitting hydrogen gas into the vessel, and similar effects 
have been noticed for heated palladium and sodium. Lang- 
muir, however, found a great reduction in the emission from 
tungsten when hydrogen was present in the vessel, which he 
ascribed to secondary chemical actions. Some observers have 
attributed the thermionic emission from carbon to the action 
of gases occluded in the material, and stated that when the 
carbon is freed from these gases the thermionic emission 
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is greatly reduced.t_ O. W. Richardson has, however, criticised 
these conclusions and shown that the reduction of electronic 
current in the case of the experiments of Pring and Parker 
can be accounted for by the deflection of the electrons due to 
the magnetic field of the current itself, causing incandescence 
in the carbon conductor (see Richardson, The Emission of 
Electricity from Hot Bodies, pp. 65 and 130). Richardson 
concludes from very careful experiments that there is no certain 
proof that the thermionic emission from metals or carbon is 
the direct result of chemical action, but that it is a thermal 
phenomenon when carried out with pure materials in a high 
vacuum. Nevertheless, the emission is enormously affected 
by the presence in or around the incandescent wire of other . 
substances. 

Thus, A. Wehnelt in 1903 and 1904 investigated the 
thermionic emission from platinum wires coated with 
oxides of calcium, bariun? or strontium, and found that im 
vacuo such oxide-coated wires emit far more corpuscles or 
electrons per square centimetre per second than a pure platinum 
wire at the same temperature (see Phil. Mag., vol. x., p. 80, 
1905). He found that otherwise the thermionic saturation 
current from these oxide-covered wires was related to the 
absolute temperature in accordance with Richardson's 
exponential formula already given. There is a very copious 
emission of negative ions from the glower of a Nernst lamp, 
which glower consists of oxides of rare earths. This has 
been investigated by G. Owen.? 

It is easy to show this effect with a Nernst glower heated 
by a direct current. If a Nernst glower is supported with 
the bare glower in a horizonal position placed within a few 
millimetres of the bottom of a metallic insulated vessel kept 
cold by being full of water, and if one terminal of a galvano- 
meter is connected to the positive terminal of the glower 
and the other to the cold vessel, a considerable thermionic 
current will be found passing through the air even at ordinary 
pressures. 

It has been stated that Langmuir found heating a filament 
containing a thorium in the neighbourhood of a tungsten 
wire increases the thermionic emission of the latter a million- 
fold (see Nature, vol. xeviil., p. 146, Oct. 26th, 1916). 

1 See J. N. Pring, ‘‘ The Origin of Thermal Ionisation from Carbon,” 
Proc. Roy. Soc. Lond., vol. 1xxxixA, p. 344, 1913 ; see also Pring and Parker, 
Phil. Mag., vol. xxiii., p. 199, 1912. 


2 See G. Owen, Phil. Mag., vol. viii., p. 230, 1904, ““ On the Discharge of 
Electricity from a Nernst Filament.” 
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Apart from the effect of such admixtures or surface 
coatings on the thermionic current from a wire, we have to 
note the effect of the surrounding rarefied gas upon it when 
the difference of potential between the incandescent filament 
and the collecting plate is made sufficiently great. In that 
case the ions or electrons projected from the filament ionise 
the gas molecules, and the negative ions so produced are 
carried by the electric force up to the collecting plate and will 
then increase the apparent thermionic current. This is 
generally represented by that stage in the curve connecting 
P.D. between hot wire and plate and the thermionic current 
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Fig. 24.—Characteristic Curve for vacuous space not very highly 
exhausted. The final rise in the curve is due to gas ionisation by 
the applied voltage. 


at which the curve begins to rise very quickly. The curve 
in Fig. 24 shows the results of some experiments by McClelland 
in 1902 on the emission. of positive electricity from a wire 
which exhibits a third stage in the characteristic curve when 
the thermionic current begins to increase again after one 
saturation stage has been reached.!' This appears to be due 
to the production of fresh ions from the surrounding gas. 

The result of exhaustive experiments has, however, shown > 
that in the highest possible vacua, when using carefully pre- 
pared and long-heated tungsten wires as heated filaments, the 
thermionic emission is entirely due to electrons coming from 
the metal, and at a sufficiently high temperature may reach 


1 See J. J. Thomson, Conduction of Electricity through Gases, 1st Edition, 
p, 186, 
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even 3 or 4 amperes per square centimetre of surface of the 
incandescent wire. 7 

A question, then, which has peculiar interest, is the source 
of these emitted electrons. O. W. Richardson has conducted 
and described special experiments made with the object of 
obtaining an answer.! A very carefully prepared tungsten 
filament was used, heated in a high vacuum, in which the 
pressure was less than 10-’ of a millimetre of mercury. The 
filament gave out an electronic current of 0-5 ampere for 
30 minutes or 1,800 seconds, equivalent to 900 coulombs. 
This implies the total emission of 54 x 10?° electrons or 
3 x 1018 electrons per second. Richardson carefully discusses 
in this paper, in the light of numerical values, the possibility 
of these electrons having come from the atoms of the tungsten 
evaporated, or from the ionisation of the residual gas, and 
shows that both these suppositions are inadmissible. In one 
experiment 984,000 electrons were emitted per atom of 
tungsten evaporated. He came to the conclusion that these 
electrons could only have come into the tungsten from other 
portions of the electric circuit, of which it formed part; in 
other words, that the electrons emitted are the “free” or 
conductivity electrons of the metal. 

16. Emission of Positive Ions.—The subject of the emission 
of positive ions from incandescent wires has no such great 
practical interest at present as that of the emission of negative 
corpuscles or electrons, but reference must briefly be made to it. 

We have seen that when a platinum wire is heated to a 
red heat im vacuo it gives off, at first, positive electricity, 
and this is quite distinct from any subsequent production of 
positive ions in the surrounding gas. This positive emission 
is, however, a short-lived effect. - It does not remain constant, 
but rapidly decays away with time. A wire which has lost 
the power of positive emission will regain this power if heated 
in air or in a Bunsen flame. It is clear from measurements 
made of the ratio, e/m, for these positive ions that they are 
masses of atomic magnitude and appear to owe their origin 
to gases occluded in the heated wire or resulting from inter- 
action between the atoms of the heated wire and the surround- 
ing gas. The reader desiring to make a further study of this 
portion of the subject will find a valuable collection of experi- 
mental results in Professor O. W. Richardson’s book, and in 


1 See O. W. Richardson “‘ On the Emission of Electrons from Tungsten 
at High Temperatures,’ Phil. Mag., vol. xxvi., p. 345, 1913; also his book, 
The Emission of Electricity from Hot Bodies, p. 133. 
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latest editions of Sir J. J. Thomson’s book on Conduction of 
Electricity through Gases, and in his smaller book, The Corpus- 
cular Theory of Matter (Constable & Co.). 

A very readable account of the electron theory of electricity 
is given in Mr. G. W. de Tunzelmann’s book, A Treatise on 
Electrical Theory (C. Griffin & Co.). In Thomson’s book on 
The Corpuscular Theory of Matter will be found a particularly 
full discussion of the electron theory of electric and thermal 
conduction. 


CHAPTER II. 
THe FLEMING RECTIFYING VALVE. 


1. The Fleming Valve.—From the brief sketch of thermionic 
phenomena given in the previous chapter it will be seen that 
the emission of electricity from incandescent filaments of 
carbon or metal had attracted the close attention of many 
eminent physicists in Europe and the United States during a 
period of about twenty years between 1884 and 1904. 

It is nevertheless remarkable that with the exception otf 
one small application made of the “ Edison effect” by Mr. 
Edison himself, disclosed in a United States Patent Specifica- 
tion, No. 307,031, filed November 15th, 1883, and patented 
as from October 2lst, 1884, in which he proposed to employ 
it as a means of notifying any change in potential difference 
of the mains of an electric light supply system, no technical 
use or practical application of these thermionic effects was 
made by any one until the subject was taken up again in 1904 
by the author of this book. The writer was the first to apply 
the thermionic emission from an incandescent filament of 
metal or carbon contained in an exhausted glass vessel having 
in it a metal collecting plate carried on a wire sealed through 
the glass, for the technical purpose of rectifying high frequency 
alternating currents and so detecting the feeble electric oscilla- 
tions in a wireless telegraph receiving circuit by some form of 
calvanometer, or by a telephone, and thus making a new and very 
useful form of radio-detector, since known as the Fleming Valve. 

For the purposes of litigation or in depreciation of the 
author’s work it has been cortended by more recent utilisers 
of these effects in electrotechnical fields in the United States 
that no inventive power was required to make this application 
of an already known appliance—viz., an electric glow lamp 
having a metal plate sealed into the bulb. The question of 
novelty in application is one that frequently comes up in 
connection with patent litigation. 

In this case it so happens that the author is not dependent 
upon himself or any private person for an opinion on this 
point. It has been given with authority by the unanimous 
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judgment of three Judges in the United States Circuit Court 
of Appeals for the Second Circuit on May 9th, 1917, in an 
appeal from a judgment of His Honour Judge Mayer in an 
action brought by the Marconi Wireless Telegraph Company 
of America against the De Forest Radio Telephone and 

Telegraph Company of the United States for infringement 
of the author’s United States Valve Patent No. 803,684 of 
1905. In that action, to which additional reference is made 
in the next chapter, one argument of the defendants was that 
no invention was required to apply the Edison lamp with 
metal plate in the bulb as a rectifier of oscillations or receiver 
in wireless telegraphy, and that any one was at liberty to use 
this appliance in radiotelegraphy. 

Edison had applied for in 1883 and obtained the above- 
mentioned United States patent for employing an incandescent 
lamp with a metal plate sealed into the bulb as a potential 
regulator for an electric light circuit, but had disclosed no 
application of the same with reference to the rectification of 
alternating currents or as a detector for electric oscillations. 

Extracts from this important Court of Appeals judgment 
having reference particularly to the question of invention in 
this fresh application of a known appliance are as follows. 
The Court said :— 

“The Fleming Valve as a detector confessedly, and the 
actual commercial audion (as we are convinced) consist 
essentially in the utilisation by visible and tangible means 
of what has long been known as the ‘ Edison effect.’ . . . 

~ Utilisation of the Edison effect does not mean that the 
use of Kdison’s apparatus or any modification thereof as a 
detector was easy or simple. The admitted fact that years 
passed and detectors of various kinds, from the coherer to the 
crystal, acquired vogue before any one thought of using 
Kdison’s curiosity of electricity for the discovery or translation 
of Hertzian waves is proof enough on this point. . . . 

~ Fleming was the first to disclose an apparatus for this 
purpose... .. .. } 

“ Was it invention to use as a detector of wireless waves 
an Kdison hot and cold electrode lamp ? 

“ This is a question of fact, and we arrive at the conclusion 
of the Lower Court, that at the date of Fleming’s application 
it was not known to men skilled in the radio art that a rectifier 
would act as a detector or that anything that would rectify 
oscillations of a low frequency could rectify waves of the order 
used in radio communication. . . 
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‘‘ Rdison’s patent stated a fact and suggested a tantalising 
mystery, because even he did not pretend to state or assert 
that he knew why his ‘ effect ’ took place. 

‘His disclosures remained (as far as we can discover from 
the record) a laboratory problem until Fleming applied it to 
a new and very practical field of usefulness. . . . 

““ We have no doubt that Fleming’s patent displays invention 
and of a very meritorious device. . . .” 

Having therefore this pronouncement from a legal tribunal 
of the highest kind, after exhaustive examination of the facts, 
the story of the initial invention in connection with thermionic 
detectors may be resumed. As soon as Senatore Marconi 
had perfected and brought into use his admirable magnetic 
detector its many advantages caused the use of the coherer 
as a detector to begin to decline. Nevertheless, the magnetic 
detector had the disadvantage that the signals being audible 
only and received by telephone the telegraphist had no record 
of them as in the case of the coherers employed with relay 
and Morse inker. Also the strain on the attention of the 
observer was greater, because if a code message was being 


received, the omission of a single dot or dash might make. 


nonsense of a word. 

Hence the author was desirous, if possible, of finding some 
method of working a sensitive relay by means of the feeble 
damped oscillations or intermittent telephone currents. 
Furthermore, having become the subject of a progressive 
deafness the writer desired to find some instrument to record 
radiotelegraphic signals which would appeal to the eye and 
not to the ear. 

It was well known in 1904 that no instrument then in use 
for the detection of alternating currents was nearly as sensitive 
as the mirror galvanometer of Lord Kelvin, used in submarine 
cable work, is for direct or unidirectional currents. All such 
instruments as hot wire or thermoelectric ammeters and 
electrodynamometers are vastly less sensitive to alternating 
currents, no matter how they are constructed, than is a good 
mirror, moving coil or needle galvanometer, to direct currents. 
The latter type of instrument can easily be made to give a 
sensible deflection for one-hundredth of a microampere, 
whereas none of the best alternating current galvanometers 
which are quick acting enough to use as telegraphic receivers 
would operate with as small a current as a tenth or hundredth 
of a milliampere. 


Accordingly, one problem the author set to himself was to — 
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find a method of utilising a mirror galvanometer such as is, 
or was, employed in submarine cable signalling to detect the 
signals in wireless telegraph work. 

It must be remembered that at that date none of the 
crystal or rectifying detectors or contacts had been invented. 
These did not make their appearance until about 1906. 

It was obvious that to solve the problem some method. 
must be found of converting high-frequency alternating 
currents into direct or unidirectional currents.. Hence the 
oscillations must be rectified by some form of valve. 

Electricians were at that time familiar with the aluminium- 
carbon electrolytic cell as a means of rectifying low-frequency 
alternating currents. 

If plates of clean aluminium and lead are immersed in an 
aqueous solution of ammonic phosphate, or even dilute sul- 
phuric acid, if a current is passed through this electrolytic 
cell, from lead to aluminium, the current will liberate hydrogen 
against the aluminium, and will eontinue to flow. If, how- 
ever, the direction of the current is reversed and oxygen or 
hydroxyl ions are deposited on the aluminium, they speedily 
form an impervious film of aluminic hydroxide, which stops 
the current. 

If, therefore, an alternating electromotive force is employed, 
current will pass through the cell in one direction, but not 
in the opposite, and the cell will act as a valve or rectifier for 
alternating currents. An arrangement of four aluminium 
cells of the above kind constitutes the well-known Nodon 
valve rectifier. 

When an attempt was made to employ such an arrangement 
for the rectification of high-frequency oscillations it was found 
that it did not operate. It appears that the chemical actions 
on which the unilateral conductivity depends take time, and 
are not effected when the frequency of the current is very 
high. After trying a number of these electrolytic rectifiers, 
without success, the author recalled to mind his experiments 
of 1889. and 1890 on the “ Edison effect,’ and thought it 
would be desirable to try by experiment whether the known 
unilateral conductivity of the vacuous space for direct currents 
would also exist for high-frequency alternating currents. 
Accordingly, some of the lamps (see Frontispiece) with middle 
plates grids and tubes employed in his former experiments 
were taken out of the cabinet where they had stood, unused, 
for several years, and employed as follows: An oscillation 
circuit was set up, consisting of a square wooden frame, on 
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which about a dozen turns of insulated wire was wound. This 
circuit was joined in series with a pair of Leyden jars, or 
condenser, and with a pair of spark balls and the balls con- 
nected also to the secondary terminals of an induction coil. 
Hence, when the coil was set in action electric oscillations 
were created in the circuit at every discharge spark (see 
Fig. 25). 

At a certain distance from this circuit another oscillation 
circuit was set up, consisting of a similar coil of wire on a 
square frame and a condenser in series with .1t. This circuit 
was tuned to the same frequency as the primary circuit. 
The filament of an incandescent lamp, having a metal plate 


/ 


Fic. 25.—Arrangements for exhibiting the Action of a Rectifying Valve. 

I, Induction Coil. L, L, Leyden Jars. P, Primary Oscillation Circuit. 
S, Secondary Circuit. G, Mirror Galvanometer, V, Fleming 
Oscillation Valve. B, Valve Battery. 


in its bulb carried on an insulated terminal, was then con- 
nected to a battery, so as to incandesce the filament ; and the 
insulated plate in the lamp was connected to one terminal of 
the condenser in the secondary circuit. The negative terminal 
of the lamp battery was then connected through a mirror 
galvanometer with the other terminal of the condenser (see 
Fig. 25). . me 

On setting up the oscillations in the primary circuit the 
mirror galvanometer gave a large and steady deflection, 
showing that a unidirectional current was passing through 
‘t. Even when the condenser in the secondary circuit was 
removed, and that circuit thus made aperiodic with the 
galyanometer and lamp in series with it, there was a steady 
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deflection of the needle. This confirmed the author’s anticipa- 
tions, and showed that such a lamp with plate in the bulb 
could be made to act as an “ oscillation valve ” or rectifier of 
high-frequency electric oscillations to make them detectable 
by an ordinary mirror galvanometer. 

It was then at once evident that the combination of valve 
and galvanometer could be used to detect the oscillations, 
and therefore read the signals in a wireless telegraph receiver. 
All that had to be done was to connect the valve with galvano- 
meter in series as above shown across the terminals of the 
condenser in the secondary circuit of the receiver. 

The author, therefore, had made as soon as possible some 
new lamps by the Edison and Swan United Electric Light 
Company, in which the filament was a treated carbon filament, 
made with the usual squirted soluble cellulose, of such size 
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Fic. 26.—Various forms of Fleming Thermionic Valve made in 1904. 
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as to be rendered fully incandescent by a P.D. of 12 volts 
applied to the filament terminals. Surrounding the filament, 
but not touching it, was placed a_sheet-metal cylinder 
fixed to a platinum wire sealed through the glass (see 
Fig. 26a). 

The lamp was fixed on a convenient wooden stand provided 
with terminals for the ends of the filament and for the metal 
cylinder (Fig. 27). The exhaustion of the bulb was pushed 
as far as possible and, at the same time, the filament heated 
electrically, and the bulb and cylinder heated by a gas oven, 
so as to expel as far as possible all occluded air. Fig. 28 
shows a photograph of the original glow-lamp valves, which 
the author first used for this purpose, henceforth called a 
“thermionic valve.” Patent protection was applied for 
covering the use of such a valve as a rectifier of oscillations 
and as a detector or receiver in wireless telegraphy in a number 
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of the principal States of the world.+ Fig. 29 shows photo- 
graphs of various forms of oscillation valve made at a later 
date (see also Frontispiece). The original valves depicted in 
Fig. 28 are preserved by Marconi'’s Wireless Telegraph Com- 
pany, Limited, at Marconi House, London. The author also 
presented a number of his original valves to the National 
Science Museum, South Kensington, London, and these are 
on exhibition in the room set apart for original electrical 
apparatus. 
). The Fleming Valve as a Wireless Detector.—The arrange- 
. ments of receiving 
circuit, proposed 
and used by the 
author at the end 
of 1904 with this 
oscillation valve, 
were as {shown in 
Figs. 30, 31, im 
which A is the 
aerial wire, PS the 
jigger or oscillation 
transformer, C the 
receiving conden- 
ser, V or O the 
valve, B the bat- 
tery for the valve 
filament, and TJ as 
a current-detecting 
instrument, which, 
Fig. 27..-Fleming Rectifying Thermionic Valve, in the author’s per- 
B, Mounted on Wooden Stand. sonal experiments, 


~ 1 ,T., Terminals of Valve Filament or Hot Cathode. , 1 
T,, Terminal of Cylinder or Cold Anode, C. was a mirror gal- 
vanometer(Fig.30), 


but for which a telephone was soon substituted (see 
Fig. 31). 


Experiments were then tried to determine the apparent 


1 In Great Britain, No. 24,850, of November 16th, 1904 ; in the United 
States, No. 803,684, April 19th, 1905 ; in Germany, No. 186,084, Klasse 21a, 
Gruppe 68, April 12th, 1905. Granted to John Ambrose Fleming or to his 
assignees Marconi’s Wireless Telegraph Company, Limited, of London, or 
of America. - By a disclaimer filed in the United States Patent Office, 
November 17th, 1915, Marconi’s Wireless Telegraph Company of America 
disclaimed the combinations of claims 1 to 6 inclusive and 10 to 15 inclusive 
in Patent No. 803,684, except as the same are used in the radio art. 

The same invention was patented in a number of other countries and 
States, 
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Fra. 28.—Photographs of the original Valves used by the Author for rectifying 
electric oscillations in 1904. 


Fic. 29.—Photographs of various types of Fleming Valve. 
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conductivity of the vacuous space between the incandescent 
filament and the metal cylinder as follows :1 

A bulb containing a 12-volt carbon filament rendered 
brightly incandescent by a current of about 2-7 to 3-7 amperes 
was employed. The filament was surrounded by an aluminium 
cylinder. The length of the carbon filament was 4-5 cm., its 
diameter 0-5 mm., and surface 70 sq. mm. 

The aluminium cylinder had a diameter of 2 cm., a height 
of 2 cm., and a surface of 12-5 sq. cm. The filament 
was shaped lke a 
horse-shoe, the dis- 
tance between the legs 
being 5 mm. This 
filament was rendered 
incandescent to vari- 
ous degrees by apply- 
ing to its terminals 8, 
9, 10, and 11 volts 
respectively. Another 
insulated battery of 
secondary cells was 
employed to send a 
current through the 

L | 3 vacuous space from 
the cylinder to the 
filament, connection 

E being made with the 
=> negative terminal of 
Fic. 30.—Scheme of Connections for use of a the latter. The cur- 


-ectifvi 7 ‘ i rireless 
pape Oh as a detector in wireless vert through thd 
A, Aerial Wire. P, S, Jigger. C, Tuning vacuous space and 


Condenser. O, Rectifying Valve. B, Valve the potential differ- 
Battery. 7, Rheostat. G, Galvanometer or Bs Tale ah cylin Hae 


current-detecting instrument. : 
and negative end of 
the hot carbon filament were measured by a potentiometer. 
The effective resistance of the vacuous space is then taken 
to be the ratio of the so observed potential difference 
(valve P.D.) to the current (thermionic current) through the 
vacuum. 
The results of observations are tabulated in Table I., and 
graphically represented in Fig. 32. In these curves the 


1 See J. A. Fleming, “On the Conversion of Electric Oscillations into 
Continuous Currents by Means of a Vacuum Valve,’ Proc. Roy. Soc. 
Lond., vol. Ixxvi., p. 476, 1905. 
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vertical ordinates are the thermionic current of negative 
ions and the horizontal abscisse the P.D. between the filament 
and collecting plate. Such a curve is called the characteristic 
curve of the valve. 

The column headed P.D. gives the potential difference 
between the hot filament and the cylinder, that headed A 
gives the current through the vacuous space in milliamperes, 
that headed R the resistance of the space in ohms, and that 
headed K10° is 100,000 times the conductivity. 

The result 1s to show 
that the vacuous space 
does not possess a con- 
stant resistance, but its 
conductivity increases 
rapidly up to a maxi- 
mum and then de- 
creases as the valve 
potential difference pro- 
gressively increases. If 
we plot the current Pp 
values as ordinates and 
potential difference of 
the valve electrodes as 
abscisse, we find that 
the current quickly L 
rises to a maximum or 
saturation value and 
then falls again slightly 


nti iffer- 
as the pote tial diffe Fia. 31.—Scheme of Connections for use 


~ ence increases steadily ; of a rectifying valve as a detector in 
The conductivity curve, wireless telegraphy, but with a_ tele- 


represented by the fine phone receiver, 7’, as current detecting 
dotted line, also rises amen 
to a maximum and then decreases (see Fig. 32). 

The facts so exhibited are well-known characteristics of 
gaseous conduction in rarefied gases. It may be noted that 
there is in these current-voltage and voltage-conduction 
curves a general resemblance to the magnetisation and 
permeability curves of iron. 

3. The Rectifying Factor of a Valve.—To examine more fully 
the extent of this rectifying power in the carbon filament 
valves first used, the author made the following experiments. 
If a valve, made as described, is joined up in series with a 
galvanometer and an electrodynamometer and an alternating 
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TaBLE I.—Variation of Current through, and Conductivity of, a Vacuum 
Valve with Varying Electromotive Force, the Electrodes being an 
Incandescent Carbon Cathode and Cool Aluminium Anode. 


————— —. = es i — 


Carbon filament at 11 volts, Carbon filament at 10 volts, 
3:77 amps., 41:47 watts. | 3°44 amps., 34:43 watts. 
Vacuum Space. Vacuum Space. 

PD. | A. Ree Ki PDS | A R.  -K105 
PAS GPS 

| | | | 
0-6 0-024 | 25,000 4-0 0:7 | 0-014 | 50,000 2-0 
5-4 | 0-264 20,550 | 4-86 28 | 0-073 | 38,360 | 2:6 
8:8 0-480 18,330 5-45 8-2 | 0-392 |-20,920 |. 4-76 
18-2 3:880 | 4,691 | “21-4 12-8 | 0-824 | 15,530 | 6-56 
22-9 | 26-790 | — 855 | 118-1 16-2. <j. -1:739..| 9,316. | siege 
29:1 | 28:02 | 1,038 | 96-1 20: 4. &352..| ~ 3,756~ | 266 
37-1 | 28-426 | 1,305 | 76-6 23:3. | 9-68 + 2,407 | 41-4 
49-0 | 26:50 | 1,719 | 58-0 35-9* | 10-037. |- 3,677 4-eze0 
70-2 | 26-87 2,618 | 38-3" |) 49°7 9:794 | 5,075 | 20-0 
100-0 | 24-36 4,105«\ 25-05 =} "71-6 8:920 . 8,027 | 12:5 
| 100:08 8-331 =: 12,010 8-32 


Carbon filament at 9 volts, 3-112 amps., 28-0 watts. 


Vacuum Space. 


P.D. A. R. K105 P.D. Ae R. K105 
0-5 0-005 100,000 1-0 | 24-2 | 2-389 | 10,130 10-0 
2:5 | 0-049’; 50,020! 2:0 | 28-2 2-437 | 11,650 8-6 
5-2 0-128 _ 40,625 | 2-46 36-6 | 2-508 | 14,590 6-86 
8-3 | 0-324 | 25,620 | 4:0 48-6 2-535 | 19,170 5-0 
8-8 0-361 | 24,380 4+] 58-5 | 2-374 | -24,640 4-0 
12:6 | 0-70 | 17,970 |) 5-5 712-5 | 2-253 | 32,180 | -3-0 
16-4 | 1-735 | 9,452 | 10-5 102-0 | 2-067 | 49,350 | 2-0 
20-4 | 2351, 8,677 | 11-2. ° ‘ 
| | | 


electromotive force applied to the circuit, the two instru- 
ments will both be affected. The galvanometer is, however, 
affected only by the resultant flux of electricity in one direction. 
It measures the unidirectional current. The dynamometer 
is affected by the bilateral flux of electricity and it measures 
the total or alternating current. If, therefore, the vacuous 
space is totally non-conducting in one direction, one-half of 
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the alternating current will be cut out. The galvanometer 
will read the true mean (T.M.) value of the remanent uni- 
directional current, and the dynamometer will read the 
root-mean-square (R.M.S.) value of the total current. If the 
conductivity in one direction is not zero, then the galvano- 
meter will read the T.M. value of the difference of the positive 
and negative currents, but the dynamometer will read the 
R.M.S. value of their sum.? : 

In the last case, the current through the valve may be 
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Fig. 32.—Characteristic Curves of vacuous space in an oscillation valve 
for various temperatures of the carbon filament. 


considered to be a continuous current superimposed upon an 
alternating current. 

If we call J the maximum value of the nearly sinoidal 
current in one direction, and J’ the maximum in the opposite 
direction, then we may say that the dynamometer reading 
(D) expressed in true current value is equal to g (J + I’) 


1 If 7 is the instantaneous value of a periodically varying current with 
maximum value / and periodic time 7’, then the root-mean-square value 


Maree Lee \e 
(R.M.S. value) of 7 is defined to be il ’ ut) and the true mean value 
2 0 


9 (3T 
(T.M. value) of ¢ is defined to be 7 idt. 
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Where g is the amplitude factor, and also that the galvanometer 
reading (G) in true current value is equal to g/f (I — I’) 
where f is the form factor of the current.! Hence— 
Do LARTES DIGS I 
GA Te oF ree 
The fraction pep say 6, expressed as a percentage may 


be called the rectifying power of the valve, for it expresses the 
percentage which the actual unilateral electric flow or con- 
tinuous current through the valve is of that continuous 
current which would flow if the unilateral conductivity were 
pertect. 

This point was examined, as follows: A sensitive electro- 
dynamometer was constructed, the fixed coil having 2,000 
turns of No. 47 silk-covered copper wire and the movable 
coil 1,000 turns. The suspension of the movable coil was by 
a fine flat phosphor-bronze wire at top and bottom. The 
deflection was observed by a mirror and scale. 

This dynamometer was placed in series with a shunted 
movable coil galvanometer of Holden-Pitkin pattern, and 
the two together placed in series with a variable section of 
an inductionless coil through which an alternating current 
was passing. A rectifying valve as above described was in 
series with the galvanometer and dynamometer. The 
alternating current was derived from an alternator giving a 
nearly true sinoidal electromotive force. The form factor 
of the electromotive force curve of this alternator was deter- 
mined and found to be 1-115, that for a true sine curve being 
EIU 

The valve sifted out the alternating current flow and 
allowed the currents in one direction to pass, but nearly 
stopped those in the opposite direction. The indications of 
the electrodynamometer were proportional to the root-mean- 
square (R.M.S.) value of the sum of the two opposite currents, 
and that of the galvanometer to the true mean value (T.M.) 
of their difference. The galvanometer and dynamometer were 
both calibrated by a potentiometer by means of continuous 
current, and curves constructed to convert their scale readings 
to milliamperes. Then with various alternating current 


* The form factor, f, and amplitude factor, g, are the names given by the 
author (see The Alternate Current Transformer, J. A. Fleming, vol. i., p. 585, 
3rd Edition) to the ratio of the R.M.S. to the T.M. value of the ordinates 
of a single valued periodic curve, and to the ratio of the R.M.S. value of 
the ordinates to the maximum value during the period. 
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electromotive forces, their readings were taken when in series 
with a vacuum valve. Let D denote current in milliamperes 
as read by the calibrated dynamometer and G that read by 
the galvanometer. The ratio D/G is denoted by «, and 
the rectifying power, viz., 2f/(« +f) by B. 

For the valve used this rectifying fraction was found to be 
82 per cent. 

In connection with this matter it is necessary to bear in 
mind the difference between the true mean (T.M.) value, the 
root-mean-square (R.M.S.) value, and the first maximum 
instantaneous value, in the case of damped intermittent 
oscillations. The instantaneous value of a damped oscilla- 
tion is represented mathematically by an expression of the 
type Ie“ sin wt, where ¢ is the time, w = 27n, and n is the 
frequency, also « = nd, where 6 is the decrement per period, 
and J is the amplitude of the first oscillation, assuming that 
there is no sensible damping in the first quarter-period. If 
we suppose N trains per second of such oscillations to be sent 
through a hot-wire ammeter the current that will be read on 
the instrument is the root-mean-square value of these oscilla- 
tions, and this is equal to the square root of the integral 


TEN a Viten obese: 
0 
It is easy to show that this R.M.S. value is equal to 


RY te of the first maximum value, or that’ 
pee < R.M.S. value. 

This relation holds good for damped oscillations of potential 
as well as of current. 

Thus, for instance, if damped oscillations are taking place 
in a condenser, and if an electrostatic voltmeter applied to 
the terminals reads a R.M.S. voltage (V), the potential 


difference really rises to Me ae < (V) in the first oscillation. 


Therefore, if the decrement 6 = 0:1, and if n=5 x 105, 
corresponding to a wavelength of 2,000 feet, and if the spark 
frequency is 400, we have ae = 22 nearly. 

Hence, if the R.M.S. voltage was 0:1 volt, it would mean 
that the first oscillation of each train reached a value of 
2°2 volts nearly. 


I= 
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The above is important in connection, with rectification of 
currents by a simple Fleming valve. 

4. The Characteristic Curve of a Rectifying Valve.—It is 
then obvious that if we create a certain difference of potential 
between the incandescent filament and the cold metal plate, 
making the plate positive compared with the filament, electrons 
emitted by the filament will be attracted to the plate or cold 
anode. The current so produced is called the thermionic or 
plate current, and the potential difference of the filament and 
plate is commonly called the plate voltage. We can then plot 
a curve, called the characteristic curve, which shows the relation 
of plate current to plate voltage. There is, however, one 
important fact connected with this characteristic curve which 
is not shown in the curves in Fig. 32. If we connect a sensitive 


THERMIONIC CURRENT 


NEGATIVE VOLTAGE 0 POSITIVE VOLTAGE 
: Fig.<33; 


galvanometer or microammeter between the plate terminal 
and the negative terminal of the filament, viz., that end to 
which the negative pole of the filament-heating battery is 
connected, we find a small current of a few microamperes, or 
a fraction of a milliampere flowing through it. This current 
is in such direction as to show that a small negative current 
is flowing in the external circuit from the plate to the negative 
terminal of the hot filament. It seems, therefore, as if the 
electrons emitted by the incandescent filament were drawn or 
impelled to the plate, even when that plate is directly connected 
through the ammeter coil with the negative terminal of the 
filament. | 

In order to stop this small current we have to give the 
plate a small negative potential. If the negative potential 
of the plate exceeds this small value of about 0-5 volt or so, © 
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no plate current flows. This means that when we delineate 
quite correctly the lower part of the characteristic curve we 
find it does not start from the point corresponding to zero 
plate voltage, but from a point on the negative side of the 
voltage axis at a point corresponding to a negative plate 
potential of a fraction of a volt, more or less (see Fig. 33). 

5. The Rectifying Property of the Fleming Valve.—The 
_reason the appliance can act as a “ rectifier”? or “ valve” 
for alternating currents, and especially for high-frequency 
alternating currents can now be made clear. 

If we apply to the plate an alternating voltage, as shown by 
the arrangements in Figs. 30 and 31, when the plate is 
positive a thermionic current of a strength determined by that 
voltage flows to the plate. When the plate is negative either 
a very much smaller current flows or else none at all. 


NG EEN 


Fig. 34. 


On the whole, therefore, the average result is that a negative 
thermionic current flows from filament to plate within the 
bulb, and the result of the alternating plate voltage, whether 
of low or high frequency, is to produce a resultant unidirectional 
current of negative electricity moving from the plate to the 
filament in the external plate or galvanometer circuit. 

The mode of variation of this rectified current will depend 
on the magnitude of the maximum of the alternating electro- 
motive force applied on the external circuit connecting the 
plate or cylinder and the filament. Since the thermionic 
current cannot exceed the saturation strength, it 1s obvious 
that if the maximum value of the alternating voltage exceeds 
the potential difference corresponding to which the charac- 
teristic curve reaches its flat part, then the graph or form of 
the thermionic current will be a flat-top curve which lies 
within each semiperiod of the alternating voltage. curve for 
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which the plate potential is positive. -Accordingly, the curve 
delineating the thermionic current comprises a series of flat- 
top portions lying only on the upper or positive side of the 
time-line (see Fig. 32). It is an intermittent but unidirectional 
current. If the ammeter or galvanometer we use to detect 
it has sufficient inertia, or the alternating E.M.F. is very high, 
then this intermittent current will affect it as if the current 
were a perfectly uniform direct current. 

We have next to consider what happens when the valve is 


Fie. 35. 


used to rectify feeble electric oscillations, the maximum 
electromotive force in each train of which does not exceed 
the voltage of the negative intercept of the characteristic 
curve, or the voltage which must be applied in the external 
circuit connecting the plate and negative end of the filament 
to reduce the plate current to zero. This is generally near to, 
or rather less than, 0:5 to 1-0 volt. 

Referring to Fig. 35, let PNP, be a part of the characteristic 
curve, and let a damped electromotive force be applied in 
the external circuit connecting the plate and the negative 
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end of the filament. From the diagram we can see that when 
the E.M.F. in that circuit has a positive value OQ, the corre- 
sponding thermionic unidirectional current is represented by 
the ordmate PQ. When the E.M.F. has an equal negative 
value OQ, then the current has a less value, P,Q,, but is in the 
same direction. 

If, therefore, the potential difference of the filament and 
the anode or plate runs through a series of alternating 
but decreasing values represented by the ordinates of the 
wavy, damped curve, then the thermionic current runs 
through a cycle of values represented by the corresponding 
ordinates of the characteristic curve. If we insert a galvano- 


Fic. 36. 


meter in that external circuit it will read the mean value of 
that varying, but unidirectional, current. The question is, 
Will that mean current be greater than the current represented 
by ON when the alternating voltage is not applied ? 

That is to say, will the mean value of the ordinates of the 
characteristic curve taken between certain limiting voltages 
+ V and — JV be greater or less than the value of the ordinate 
ON through the origin when the applied voltage is zero ? 

This question cannot be answered algebraically unless we 
know what function the thermionic current is of the applied 
voltage ; in other words, know the equation to the character- 
istic curve. 

We can easily see that if the portion of the characteristic 
curve through the points P,P is a straight line, then the mean 
value of the ordinates between the limits — V and + V must 
be equal to the ordinate ON, 
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If, on the other hand, this curve is concave upwards, so 
that P,NP is part of a curve, then we can prove that the 
mean ordinate of the curve is greater than the ordinate ON. 

Let Q,NP be a part of the characteristic curve cutting the 
vertical through the origin at the pomt N (see Fig. 36). Repeat 
the part of that curve Q,C,N by turning it over, so that the 
curve NDL is an exact copy of Q,C,N, but turned through 
180°. Then it is clear that the shaded area Q,M,N is equal to 
the shaded area MN L. 

Hence, if we draw two ordinates, BD, B,D,, at equal 
positive and negative abscisse, OB, OB,, we see that BD 
B,C, = BC+ CD+ B,D, — C,D,. But BC = B,D, = ON, 
and CD = CD. 

Hence, the mean value of the two ordinates BD and B,C, 
of the characteristic curve is equal to ON. The same is true 
for all pairs of ordinates which are selected with equal 
positive and negative abscissa. 

But the whole area included between the actual character- 
istic curve, the base line and the limiting ordinates is lop-sided, 
the positive side being greater by the dotted area PNL. 
Hence, it is easy to see that the mean ordinate of the curve 
Q,C,NP must be greater than ON. Accordingly, the effect 
of inserting a damped feeble electromotive force in the external 
circuit connecting the plate and negative end of the filament 
must always be to increase the thermionic current provided 
the characteristic curve is not symmetrical on the two sides 
of the vertical axis through the origin. 

We can give an algebraic proof of this theorem provided 
we assume, as is nearly the case, that the thermionic current 1 
for small plate voltages v is a function of the form, | 

ea A(Vo + v)" 
Where A is some constant, V, is the negative plate voltage, 
which must be applied to reduce the current 7 to zero, v being 
the plate voltage corresponding to the current 7, and n some 
integer or fractional numeric. Let M(¢) stand for the mean 


value of 7 when v oscillates between the extreme limits +- a 
and — a. . Then 


. ata 


M(i) = as | (Vo + v)"dv. 
Integrating we have, We 
} A er n+l 2 P 
M (a.\ ——=— i Se / E ie ae’ n+1 
AN 2a(n + 1) (I oF 4) ore4) ) 
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If we denote the thermionic current when the plate voltage 
is zero by I,, then J, = AV,”, and if we expand the above 
expression and reduce, we have the equation, 

ei | eee eae (Fe : ) 
patel + a5 (7, 12.3.4.5 y,) Bs 

The contents of the bracket on the right-hand side must 
always be a positive quantity greater than unity if n is a 
positive quantity greater than unity, and hence the mean 
value of the thermionic current M(i), when oscillations of 
potential are applied to the plate, will always be greater than its 
value J, when the plate is at zero potential. This means 
that the Fleming Valve rectifies oscillations of feeble amplitude, 
even when that amplitude is less than the negative potential, 
which must be applied to the plate to reduce the plate current 
to zero. 

It will be shown in Chapter V. that for high vacuum valves. 
the exponent n is not far from 3/2 or 2 for the lower part of 
the characteristic curve, and hence for the rectification at 
that point we can say that the mean value of the thermionic 
current is given by, 


Ry teryee: Segithe Nee 
WG) a= I,(1 ae 3 () -|- 640 (7) + ete. ) 

If ais less than V, then the terms of the series in the bracket 
rapidly converge, but M(7) is always greater than J. 

It will be clear, therefore, that under any conditions of 
amplitude of the incident oscillations the Fleming Valve is 
able to act as a rectifier of electric oscillations, as used in wire- 
less telegraphy, whether damped or undamped, by converting 
them into intermittent direct currents, able then to affect a 
telephone or galvanometer inserted in the plate circuit of the 
valve. — | | 

6. Application of the Fleming Valve in Radiotelegraphy.— 
Very shortly after the publication of the above new method 
of rectifying and detecting electric oscillations by means of a 
vacuum oscillation valve in the Proceedings of the Royal 
Society (vol. Ixxiv., p. 476, 1905) the author showed his 
experiments to Senatore Marconi, and at his request sent to 
him some of the oscillation valves for test between long- 
distance wireless stations of the Marconi Company. The 
valves first supplied were made with carbon filaments and 
with sheet nickel cylinders or collecting plates, the filament 
being of such size that it required about 12 volts to bring it 
to an incandescence corresponding to 3-0 watts per candle. 

T.V. F 
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It is not convenient to employ high voltage lamps as detectors 
in the case of radiotelegraphy, because this necessitates using 
a large number of secondary cells as a filament-heating battery. 
It was, in fact, soon found that for radiotelegraphic purposes 
a small 4-volt lamp made with metal cylinder embracing but 
not touching the filament was as effective as a detector as a 
larger lamp and required as heating battery the use of only a 
couple of portable storage cells. It was also found desirable » 
to employ a small variable resistance in series with this battery 
and the lamp filament to regulate the temperature and 
thermionic emission of the latter. 

‘Before the middle of 1905 the valves sent to Senatore 
Marconi were employed by him in practical wireless telegraphy, 
with a telephone as a signal receiving or detecting appliance, 
the general arrangement of the receiving circuits being as 
shown in Fig. 31. | 

In this case the operation of the valve is as follows: When 
a transmitter is sending out intermittent trains of feebly 
damped waves, these waves, when incident on a receiving 
aerial, set up similar but feeble trains of damped oscillations 
in the receiver and create oscillations of potential at the 
terminals of the condenser in the secondary circuit of the 
receiver. 

If a Fleming rectifying valve has its collecting plate con- 
nected to one terminal of the condenser, whilst the other 
terminal of the condenser is connected through the Bell 
magneto telephone with the incandescent filament of the 
valve, then the electrical action is as follows : 

When the terminal of the condenser in connection with 
the collecting plate becomes positively charged by the move-- 
ment of electricity in one direction, this charge is at once | 
neutralised by the negative ions which are being projected 
from the hot filament on to the collecting plate. Hence 
there is a corresponding movement of electricity through 
the telephone. When the condenser-plate becomes negative 
at the next semi-oscillation no such discharge takes place, 
nor movement of electricity through the telephone. Accord- 
ingly, at each semi-oscillation of the potential at the terminals 
of the receiver condenser the telephone is traversed by little 
gushes of electricity, and these gushes integrate into a single 
unidirectional flow or movement for each train of oscillations | 
or spark at the transmitter balls. If, then, the transmitter } 
produces what is called a musical spark, or one in which the : 
separate condenser discharges are very uniformly equispaced 4 
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in time, the corresponding small sounds heard in the Bell 
telephone at the receiver at each spark run together into 
a uniform musical note, the pitch of which is the same as 
that of the frequency of the spark at the transmitter. This 
sound is cut up into dot and dash signals on the Morse code 
by manipulation of the key in the transmitter circuits. 

By the adoption of a spark frequency of about 500 we 
avail ourselves of the physiological-physical fact that for 
some frequency near to 700, as shown by Lord Rayleigh, 
the telephone plus the human ear is then more sensitive to 
the interruptions of a current which does not exceed a small 
fraction of a microampere. Accordingly, good signals can 
be radiotelegraphed and’ received audibly by the passage 
of an extremely small current through the telephone, probably 
not more than | or 2 microamperes. Hence the thermionic 
current provided by the hot electrode in the valve need not 
be large, and therefore a short and low voltage filament will 
suffice. A filament which incandesces with 3-5 to 4 volts is 
generally used. 

At a little later date Marconi found it to be an advantage to 
actuate the telephone with an induced current, and inserted 
a transformer or “ jigger”’ between the telephone and the 
valve circuit. He joined the high-resistance circuit of this 
transformer, J, in series with the vacuum valve, and the 
low-resistance or large current circuit in series with the 
telephone (see Fig. 37); and he inserted a condenser, C,, of 
small capacity in series with the valve and induction coil 
circuit. For the induction coil he employed, at first, an 
ordinary 10-inch induction coil, putting the high-resistance 
secondary circuit in series with the Fleming valve, and the 
low-resistance in series with the telephone receiver. 

One other small improvement was soon afterwards made, 
when the Fleming valve was put into practical operation in 
radiotelegraphy by Marconi’s Wireless Telegraph Company. 
The author had frequently observed in his early experiments | 
on the “ Edison effect,” in 1896, the great sensitiveness of 
the thermionic current to the action of a magnet near the 
lamp, and also somewhat later to electrically-charged bodies 
held near the bulb. The ions projected from the filament 
are deflected from their path either by magnetic or electric 
fields. Hence a Fleming valve joined in series with a sensitive 
mirror galvanometer with a steady E.M.F. applied to force a 

‘See British Patent Specification No. 887 of January 12th, 1907, 
Guglielmo Marconi and Marconi’s Wireless Telegraph Company, Ltd. 
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negative current from the hot filament to the collecting plate 
through the vacuous space forms a very sensitive electrometer, 
provided the E.M.F. is adjusted so as to correspond to a point 
near the place where the thermionic current begins to rise 
very rapidly, as shown by the characteristic curves (see 
Fig. 32). Tf an electrified ebonite rod or stick of sealing-wax 
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Fic. 37.—Mode of Employing an Oscillation Valve, V, as a Detector in 
Wireless Telegraphy. 
B, Valve Battery. J, Jigger. ©,, Tuning Condenser. A, Aerial. 
C, Receiving Condenser. 1, Telephone Receiver inductively 
coupled to valve circuit. 
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is held near a valve when in action it will generally make a 
very considerable: reduction in the current indicated by the 
galvanometer. 

It was therefore found desirable to enclose the valves in 
an outer case of copper gauze and to connect this to the 
earth, to prevent any disturbance of the thermionic current by 
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electrostatic induction from neighbouring electric charges. A 
practical pattern of Fleming oscillation valve which then 
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Fic. 38.—Types of Fleming Thermionic Valves originally employed in 
wireless telegraphy by Marconi’s Wireless Telegraph Company. 
The diagrams show the valve (full size) with copper-gauze shield 
for protecting from external electric fields. 


came ito. use for radiotelegraphic reception was made as 
follows : 
The enclosing glass vessel consisted of a tube of glass about 


70 Tue THERMIONIC VALVE 


1 inch in diameter and 3-5 to 4 inches long. This was equipped 
at one end with a stem carrying a horseshoe carbon filament 
of carbon, or later of tungsten wire. The filament was of 
such length as to be brightly incandescent at some voltage 
between 10 and 12 volts. This filament is surrounded by a 
cylinder of copper or nickel sheet attached to a platinum wire 
sealed through the glass. In a type of valve once used by 
the Marconi Company the collecting plate is a single flat plate 
of copper about 1 cm. square held near to the carbon or 
tungsten loop which forms the filament of the valve with the 
flat surface of collecting plate parallel to and a few millimetres 
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Frc. 39.—Fleming Valve Receiving Set, as made and used at one time 
by Marconi’s Wireless Telegraph Company, Ltd. 


from the plane of the horseshoe filament loop. The lamp 1s 
finished off with the usual bayonet or bottom contact pins 
so as to work in a standard electric lamp socket (see Fig. 38). 

The Marconi Company fitted up a valve receiving set in 
which two valves were arranged to work off the same lamp 
battery, either lamp being brought into use by means of a 
throw-over switch at pleasure. This provided for the accident 
of a valve filament burning out during the reception of a 
message, as the operator could instantly throw over the 
switch and bring the spare valve into use (see Fig. 39). These 
valves were placed in sockets on a box which contained the 
variable resistance for adjusting the filament current, and 
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also the condenser and current transformer, as used in Senatore 
Marconi’s circuits specified in his British Specification, No. 
887 of 1907 (see Fig. 37). Each valve has the usual brass 
collar for fitting the bayonet socket. 

This receiving set has terminals outside the box for the 
working battery, for the telephone receiver and for connection 
to the terminals of the condenser in the receiver circuits, 
which is generally a Marconi tuner. 

7. Study of the Characteristic Curves of Rectifying Valves.— 
Very soon after the first application of this oscillation valve 
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Fig. 40.—Characteristic Curve and Conductivity Curve of a Two- 
electrode Valve. The horizontal abscisse are the electromotive 
force acting between the hot and cold electrodes, and the ordinates 
the corresponding thermionic currents. 


in radiotelegraphy the author began to study more carefully 
the form of the characteristic curves of these valves, with the 
object of finding the condition of greatest sensitiveness and 
the effect of variations in the degree of vacuum upon their 
operation as a detector of electric oscillations. 

For this purpose a large number of such valves were made, 


many of them kindly furnished by Mr. C. H. Stearn, employing . 


his special type of leuconium filament or else tungsten wire. 
The advantages of tungsten wire for the hot element in a 


' For details of the Marconi tuner, see J. A. Fleming, Principles of Electric 
Wave Telegraphy and Telephony, 3rd Edition, Part III., chap. vii. 
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thermionic valve were mentioned by the author in a British 
Patent Specification, No. 13,518 of June 25th, 1908. The 
characteristic curves of many tungsten and carbon filament 
valves were delineated as follows: The lamp filament was 
incandesced by a constant E.M.F., and another E.M.F. varymg 
from 0 to 100 volts was inserted in an external circuit con- 
necting the plate with the negative terminal of the filament- 
heating battery. This auxiliary E.M.F. was applied so as to 
make the plate positive. The current was read by a milli- 
amperemeter. The conductivity of the vacuous space was, 


Fie. 41.—Scheme of Connections for delineating Characteristic Curve 
of Two-electrode Valves. 


calculated from the ratio of this current to the P.D. between 
filament and cylinder. The results were set out graphically 
as in the curve in Fig. 40. The firm line is the current curve, 
and the dotted line the conductivity curve in terms of applied 
voltage. It will be seen that the current rises slowly at first, 
then rushes up to a maximum and then falls off again as the 
P.D. between filament and cylinder is steadily increased. If, 
for shortness, we may call the latter potential difference the 
valve P.D. and the P.D. on the filament ends the filament 
P.D., we can then say that when the valve P.D. reaches a 
certain value, which is generally near the filament P.D., the 
thermionic current begins to rise with great rapidity. This 
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is partly due to ionisation of residual gas molecules by the 
large momentum imparted by the increasing electric force 
to the negative ions escaping from the filament. The falling 
off in the thermionic current, when the impressed E.M.F. 
acting across the vacuous space is still more mcreased, may 
be due to the great accumulation of negative ions on and near 
the collecting plate and, as a result, the creation of a space 
charge giving a reverse electric force which reduces the 
resultant or effective P.D. between the filament and the plate. 

To examine more carefully the lower part of this character- 
istic curve another arrangement was adopted. The valve 
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Fic. ‘2. ha part a the a anerein: Curve (firm line) of a Two- 
electrode Valve and corresponding second differential curve 
(dotted line). 


filament was made incandescent by the current from a battery, 
B, which passed through a variable resistance, r, and through 
the filament. The terminals of this battery were also con- 
nected by a high resistance, R, of several hundred ohms. 
On this was a sliding contact, a (see Fig. 41). The collecting 
plate, or cylinder, of the valve was jomed through a milli- 
ammeter, G, with this sliding contact. Hence, by shifting the 
contact the P.D. between filament and plate could be varied, 
and with it the thermionic current. 

This current was then plotted out in milliamperes in terms 
of the voltage or P.D. reckoned from the negative end of the 
battery. Fig. 40 shows one such characteristic curve. It 
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was then found that this curve differed somewhat for various 
valves, being dependent upon the degree of vacuum and 
nature of the filament. In most cases this curve had changes 
of curvature at various points. These were delineated by 
drawing a second differential curve as follows: The slope 
of the characteristic curve was measured by a protractor at 
each point, and a curve constructed, of which the ordinates 
are the slopes of the characteristic curve to corresponding 

ordinates. Then this 


slope curve was — 


treated in the same 
way, which gave a 
second curve, whose 
ordinates were pro- 
portional to the 
V second differentia! 
(d?y/dz?) of the or- 
dinates (y) of the 
characteristic curve. 
but plotted to the 
same abscissa (2). 
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me : This second differen- 
Fig. 43.—The author’s second method of using +; : - 
an Oscillation Valve as a detector in wireless lal curve 1s Lephe 
telegraphy, making use of change of curvature ” : 
in the Characteristic Curve. line in Fig. 42. 
V, Valve. B, Valve battery. 7, High resistance [+ wa 
with sliding contact. 7, Telephone. A, .~ t s found that 
in most cases the 


Aerial. CO, Receiving condenser. 
characteristic curve 
started from a point about half a volt on the negative side of 
the zero, as already mentioned above (see Fig. 33). It may 
be noted once for all that although im such diagrams as 
Fig. 42, above, the characteristic is shown as if it started from 
the zero of the plate voltage, it does in fact start from a small 
negative value of this voltage. | 
This suggested to the author another method of operating 
the valve as a detector. If the applied steady voltage between 
the filament and plate has such a value that it corresponds 
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to a point of change of slope on the characteristic curve, then, 
if by means of an inductive coupling an oscillatory E.M.F. 
from any source is superimposed on this steady voltage, the 
mean value of the thermionic current will suddenly increase, 
and a telephone inserted in the external circuit of filament 
and plate will give a sound. The arrangements required on 
this scheme for so using the valve as a wave detector are as 
shown in Fig. 43, taken from the author’s specification.! 
With certain valves we can obtain extraordinary sensitive- 
ness to feeble oscillations by this method of using them, 
depending upon the sudden changes of slope in the character- 
istic curves at certain points. One valve made for the writer 
by Mr. Stearn had a remarkable characteristic of this kind 
and possessed unique sensitiveness as a radio-telegraphic 
detector at one particular point in the curve. Unfortunately, 
it was not found possible to repeat in manufacture with 
certainty this peculiarity of the characteristic. Our methods 


of measuring and testing residual gas pressure or density in 


high vacua are still very imperfect, and the absorption by, 
and evolution of, gas from the filament and plate is irregular 
and not under control. 7 

8. High Vacuum Valves.—The experiments conducted in 
the author’s laboratory between 1905 and 1908 had rendered 
it evident that constancy in results must therefore be dependent 
upon the employment of a very high vacuum in the bulb. 

It was quite clear that many of the irregular effects found 
in the actual vacuum valves used depended upon ionisation 
of the residual gas, and that to obtain uniform results 
exceedingly high vacua must be obtained in commercial 
manufacture. The author had this matter clearly before 
his mind in drafting the patent specifications covering the 
original invention. In the specification of the British patent 
granted to the author, No. 24,850 of 1904, covering the 
invention of this valve on page 3, line 46, the author says: 
“ As a very high vacuum should be obtained in the bulb, and 
as a considerable quantity of air is occluded in the conductors, 
these should be heated when the bulb is being exhausted. 
The filament can be conveniently heated by passing a current 
through it, whilst the cylinder can be heated by surrounding 
the bulb with a resistance coil through which a current is 
passed, the whole being enclosed in a box lined with asbestos, 

' See J. A. Fleming, British Patent Specification, No. 13,518 of June 25th, 


1908 ; also United States Specification No. 945,619, application of January 
2nd, 1909, 
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or the like. When, as hereafter described, the cylinder is 
replaced by any form of conductor which can be heated by 
passing a current through it, this method is usually more 
convenient than that just described.” 

On page 4, line 38, of the same specification the author 
says: “In place of using a metallic cylinder, surrounding 
a carbon loop filament, J sometimes use a number of carbon 
filaments. Some of these are heated by means of an electric 
current and become the hot conductor of the oscillation 
valve, and the others remain cold and form the cold con- 
ductor ; or the metal cylinder may be replaced .by a cylinder 
of meerschaum, or the like, having wound helically upon it 
a narrow ribbon of metallic foil.” 

Precisely the same statements were made in the corre- 
sponding United States Patent Specification, No. 803,684. 
It is therefore perfectly clear that the author recognised the 
advantages of a high vacuum, and of the elimination of all 
occluded gases from the plates and filament. : 

Nevertheless, the attaimment of perfection in any manu- 
factured article is limited by that of the tools at disposal. 
At the time that these experiments were being made our 
means of making high vacua were chiefly the various forms 
of Sprengel-mercury pump and types of mercury pump 
making a repeated Torricellian vacuum. 

The valuable Gaede molecular mechanical pump had not 
then made its appearance. The high vacua obtainable by 
Sir James Dewar’s process of cooling charcoal placed in the 
vessel to be exhausted by means of liquid air, mentioned in 
Chapter V., presupposes the possession of a plant for making 
supplies of liquid air im any quantity. 

Hence the utmost that could be done then was to obtain 
such vacua in the valves as was usual in the manufacture of 
incandescent lamps. When, however, we recall to mind 
that in one cubic centimetre of air at 0° C. and 760 mm. there 
are about 2-7 x 101% molecules it will be seen that even if we 
make a vacuum of 0-0001 of a millimetre of mercury, or 
1/7,600,000 of an atmosphere, this exhaustion still leaves at 
least 3 million million molecules (= 3 x 101%) present in every 
cubic centimetre, or about 10,000 molecules to the linear 
centimetre. In other words, in a very high vacuum of 
0-0001 mm. there are still 1 000 molecules per linear mm. in 
every direction. 

What the author was unable to achieve in 1905 or 1906 
subsequent experimentalists, possessed of better appliances 
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and the resources of the research laboratory of a great manu- 
facturing corporation in the United States, have been able to 
accomplish. 

9. Hard and Soft Valves.—An interesting account has been 
given by Dr. Irving Langmuir of the work done on this subject 
in the research laboratories of the General Electric Company, 
Schenectady, U.S.A., in a paper read to the Institute of Radio 
Kngineers, New York, April 7th, 1915, entitled “The Pure 
Electron Discharge.” In this work the suggestions and 
instructions of the author as to the precautions to be taken’ 
in the construction. of oscillation valves were carried out with 
great thoroughness to their logical issue, and the result has 
been the production of what may be called an ideally perfect 
Fleming Valve, which highly exhausted valve was christened 
a Kenotron, although, except for the name, there is nothing 
to distinguish it frorn the Fleming Valve. When an already 
used instrument is called by a new name the public are led 
to believe that there is some difference in principle and not 
merely in degree from pre-existing examples of it. In this 
case the appliance denominated a Kenotron is certainly a 
Fleming Valve, but precautions are taken in making it to 
push the exhaustion of the air from the bulb to its utmost 
limits. When this is the case the electrons emitted from the 
incandescent filament reach the anode or collecting plate 
without more than a very small number of collisions with 
residual gas molecules and gas ionisation phenomena are 
absent. This, however, does not seem to furnish a sufficient 
warrant for a special name for a high vacuum vaive. 

In the case of X-ray bulbs there is a well-marked difference 
between bulbs with very high vacuum, which are usually 
called hard tubes, and bulbs with a less perfect vacuum, 
which are called soft tubes. Each variety has a special 
advantage. 

So also with oscillation valves: they may be either soft or 
hard according to the degree of vacuum, and for some purposes 
a hard valve is best, and for others a soft valve; but this is a 
quantitative and not a qualitative difference. 

Dr. Langmuir begins his paper by noting the fact that in 
modern high vacuum tungsten wire lamps in which the 
temperature of the filament approaches 2,500° ©. or more 


* See Proceedings of the Institute of Radio Engineers, vol. iii., p. 261, 
September, 1915; see also British Patent Specification, No. 15,788 of 1914. 
Improvements in and relating to Electrical Vacuum Discharge Devices. 
The British Thomson Houston Company, Limited. 
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the thermionic emission from the filament, which, according 
to Richardson’s formula, should be at the rate of some 
amperes per square centimetre of filament surface, is not in 
accordance with the thus predetermined value. 

Experience shows that the current flowing across the 
vacuous space in a good highly insulated tungsten lamp is 
very small. This was found to be due not to any inability 
of the filament to emit electrons, but to the fact that when 
the space is, so to speak, saturated with electrons any further 
emission from the filament is stopped because electrons are 
driven back on the hot surface as fast as they escape from it, 
unless the filament is brought to a sufficiently large negative 
potential to repel them. 

Dr. Langmuir found, by experiments made in a very perfect 
vacuum with a hot cathode and cold anode of tungsten, that 
if a constant P.D. is put on the electrodes and the temperature 
of the cathode steadily raised, the thermionic current first 
rises in accordance with Richardson’s law, but then at a 
= certain temperature depending on the P.D. the current 

becomes constant and independent of the temperature and 
does not continue to increase (see Fig. 44). 

The curve representing the thermionic current as a function 
of temperature therefore consists of two parts: first, a part 
in which Richardson’s equation applies and in which the 
current is saturated and independent of voltage, and, second, 
a part in which the current is independent of temperature. 
In this latter part the current is again determined by the 
voltage and increases with it. The explanation of this is to 
be found in the fact that the electrons carrying the current 
between the electrodes exert a mutual repulsion upon each 
other, and constitute a space charge which repels other electrons 
trying to escape from the filament, so that no more come out, 
even if the temperature is raised, unless the potential of the 
anode plate is raised so as to create a greater electric force 
in the space between the filament and plate or cylin pulling 
the electrons towards it. 

In a very high vacuum there is therefore a perfectly definite 
relation between the three variables—temperature of the 
hot cathode, thermionic current, and voltage or potential 
difference of the hot and cold electrodes. 

If traces of residual gas are present, then the impact on its 

- molecules. of the electrons emitted from the hot body, now 
i called negative thermions, will give rise to positive and negative 
gaseous ions. These positive ions are drawn by electric 
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attraction to the hot cathode and disintegrate it in time. 
Also the ionisation increases greatly the current for a given 
P.D. of hot and cold electrode or, what is the same thing, 
reduces the P.D. required for a given current. If the gas 
pressure exceeds 0-0001 mm. then irregularities are introduced 
into the form of the characteristic curve, and with pressures 
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Fie. 44. . Curves given by Dr. Langmuir showing the thermionic current 
in a High Vacuum Valve in terms of the absolute temperature in 
(Kelvin) degrees for various impressed voltages. 


of about 0-001 mm. the current may jump from one value to 


another, even when the P.D. remains constant, as already 
noticed by the author. 

If, however, the vacuum is made as high as a millionth or, 
better, a hundred millionth of a millimetre of mercury, which 
needs extraordinary precautions, then the phenomena conse- 
quent on ionisation of residual gas are absent and the whole 
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effects are due to pure electron emission from the hot 
cathode. | 
The thermionic current in milliamperes emitted per square 
centimetre of surface from a tungsten incandescent filament 
placed in the axis of a metal collecting cylinder in a “ perfect ” 
vacuum has been found by Langmuir to be expressed by the 
formula 
milliamperes _ 
square cms. 
where 7 is the absolute temperature of the filament.? 
Langmuir also states that in a highly perfect vacuum there 
is a definite relation between the thermionic current (7) and 
the potential difference (V) of the hot and cold electrodes, 


4 == 29-6 x 10°VP «= S20001% 


such that 7 = CV2, where C is some constant depending. on 


the form and distance of the electrodes. Hence, in the case 
of a pure electron discharge, the square of the thermionic 
current varies as the cube of the electrode potential difference. 

This equation, he states (loc. cit.), has been found to give 
results in accordance with experiment when there is no 
appreciable residual gas ionisation producing positive ions. 
Extremely minute traces of gas may lead to the formation of 
a sufficient number of positive ions to reduce greatly the 
space charge of electrons and thus increase the current carrying 
power of the space. 

The characteristics of this positive ionisation are the 
appearance of a blue glow in the tube or vessel, the disintegra- 
tion of the hot cathode and the fact that the thermionic 
current increases in an irregular manner with the voltage 
applied to the electrodes and not simply according to the 
3/2 power of the P.D. | 

When the exhaustion of the bulb is sufficiently high to 
prevent anything but the pure electron emission from the 
hot cathode the path of the cathode rays is quite invisible, 
and it is possible to obtain very large thermionic currents 
without damage to the electrodes, and also to reproduce with 
equal qualities a required valve. 

Langmuir gives the reader of his patent specifications and 
articles the impression that he (Langmuir) considered he was 
the first worker to appreciate the importance of a very high 
vacuum in a thermionic valve, and to enunciate the above 
3/2 power law as a test of it. As a matter of fact, the law 

1 Tt is usual to express absolute temperatures by putting the letter 


K (K = Kelvin) after the number. Thus, 2,000 deg. K = 2,000 deg. abso- 
lute = (2,000—273) deg. Centigrade. 
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can be deduced theoretically on certain assumptions, and was 
in fact stated by C. D. Child in 1911 (see Chapter V.), and 
experimentally found by Lilienfeld in 1910. 

Moreover, subsequent evidence has shown that the law is 
not a unique criterion of a pure electron discharge, which last 
may exist even when the law is not fulfilled. 

In fact, the above-stated relation between the thermionic 
current and the potential difference of the anode and hot 
cathode depends on the nature and form of the electrodes 
and their relative position as well as upon the degree of the 
vacuum. 

10. Manufacture of Hard Rectifying Valves.—Starting, how- 
ever, from these researches the General Electric Company of 
America have been able to make a certain type of thermionic 
rectifier, in which gas ionisation is absent and nearly pure 
electron transmission from the hot to the cold electrode the 
only effect.1 
_ The heated cathode or filament consists of a drawn tungsten 
wire, as in a modern incandescent lamp. 

An interesting account of this work has been given by Dr. 
Saul Dushman in the General Electric Review for March, 1915, 
vol. xvill., p. 156. The chief object of this work was to make 
a thermionic rectifier which should be constant and durable 
in action, carry as large a current as possible, and endure the 
application to it of a high voltage. 

First, as regards current carrying capacity, Richardson’s 
formula with Langmuir’s constants gives us the relation 
between current density in milliamperes per square centimetre 
of filament surface, 7, and absolute temperature, 7’, as follows : 


thes ? = milliamperes per sq. cm. 
2,000 K_ ... a Ae ay < 4-2 
2,100 bXe Je ve ae sas 15-1 
2,200 “ft i it Ke! oh 48-3 
2,300 a oe aS: ae a? 137-7 
2,400 er} ne Ae ee .. 364-8 
2,500 in sie ae in My Cat 
2,600 toe i ae bet ... 2,044-0 


* Many who have written on this subject have endeavoured to restrict 
the term “ Fleming Valve ”’ to a thermionic rectifier in which the vacuum 
is not high enough to obviate all gas ionisation and accompanying phe- 
nomena. Any one who will read the author’s patent specifications or his 
writings in 1905 and 1906 describing his oscillation valve, such as an article 
in Technics for April, 1905, will see that the author made no such restrictions. 
He always contemplated the operation as essentially due to electronic 
emission. The making of a more perfect vacuum in a valve than was possible 
in 1904 or 1905 does not constitute a new invention or justify a new name, 
but is simply a more complete carrying out of the author’s instructions in 
practice than was possible at that date. 

T.v. a 
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The current thus rises very rapidly with the absolute 
temperature of the filament. Dushman then gives a table 
showing the relation of filament diameter in mils. (1 mil. = 
001 in.), the safe working temperature, the current in milh- 
amperes per centimetre of length of such filament, and the 
power taken up in watts per centimetre of length of the 
filament. The “safe” temperature is that at which it will 
last 2,000 hours. 


| Thermionic 
“Dimneter of) Bate Tempore “| Tene eo eee 
filament in mils. | ture absolute. per centimetre Length. 
of Length. 
Deg. K. 
5 2,475 30 3:1 
7 2,500 50 4:6 
10 2,550 100 rity? 
15 11:3 


2,575 200 


Thus a 5-mil. filament of tungsten in a very high vacuum 
run at a temperature of 2,400° K., which corresponds to 
1 watt per candle, has a life of 4,000 hours. The electron 
emission is 15 milliamperes per centimetre of length and the 
power required to be put into the filament 1s 4-5 watts per 
centimetre of length. Where thermionic currents of 100 milli- 
amperes or more are required it is better to use a 7 or 10-mil. 
filament. 

There will then be a volt-drop, V, or P.D. between the 
hot and cold electrode expressed by the formula 71 = CV2. 

Suppose such a high-vacuum valve placed in series with 
a resistance and let an alternating electromotive force, H, be 
applied. Let i, be the current rectified ; also let V denote 
the volt-drop in the valve and R the external resistance, 
then i, = C(£ — i,R)?. With constant value of # the current 
rectified increases as R is decreased, until 7, has attained the 
value, 7, corresponding to saturation thermionic current at 
the temperature at which the filament is running. If & 1s 
still more decreased the current, 7, will remain constant, and 
the volt-drop in the valve is that available above the volt- 
drop, 7,f, in the external circuit. If the resistance is there- 
fore removed or short-circuited the total external voltage 1s 
taken up in the valve and the energy may be expended in 
melting the anode or collecting plate. | 


lee 
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It must be remembered that in high vacuum valves the 
emitted electrons expend no energy in ionising residual gas 
molecules, and theretore expend it all in heating the anode, 
just as rifle bullets heat the target against which they strike. 
If the anode becomes too hot it also itself emits electrons, 
and then the rectification becomes imperfect. The arrange- 
ment and size of the anode or collector surface must, therefore, 


_ be such that with the current required the volt-drop in the 


valve is not sufficient to expend on the anode energy enough 
to overheat it. 

Ii V is the volt-drop in the valve and i the thermionic 
current, then 7V is the measure 
of the electronic energy ex- 
pended per second against the 
anode and converted into heat. 

The expenditure of power 
against the anode should not 
exceed about 10 watts per 
Square centimetre of anode sur- 
face. This corresponds to an | 
anode temperature of about | | 
1,600° K. (= 1,600° absolute ! 
temperature)—that is, a bright : 
red heat. At this temperature 
the electron emission from the 
anode would be only 0-02 milli- 
ampere per square centimetre. rbd 
Another matter which received a evo eenouron ony High 

: ; ; acuum Fleming  Rectifying 
attention in the design of the Valve as made by the General 
Kenotron was the electrostatic Electric Company of America, 
attraction between the incan- vee Pee paptbou ie arid 
descent filaments and the cold % 
anode. Hence, in the case of high vacuum thermionic rectifiers, 
in which there is a P.D. of 20,000 volts or so between the 
hot and cold electrodes, the filament must be so supported 
that it cannot be pulled over and make contact with the cold 
electrode. 

The General Electric Company of America have produced 
several types of these high vacuum thermionic rectifiers. 
Hig. 45 shows a valve in which a molybdenum cylinder, about 
10 cm. long and 1-27 cm. diameter, surrounds a straight 
tungsten filament. The filament is made of 10-mil. drawn 
tungsten wire. At a temperature of 2,550° K. the maximum 
thermionic current obtainable from it is 400 milliamperes 

| ao 


7 
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and the P.D. drop in the valve to produce this current 
must be 145 volts, whilst the total energy. taken up in the 
apparatus is 130 watts or 72 watts for heating the filament 
and 58 in heating the anode. The anode has a surface of 
about 80 sq.cm. This power would just suffice to heat it to a 
dull red heat. The valve is therefore capable of rectifying 
0-4 x 15,000 = 6 kw., and the power waste in the 
tube is about 2 per cent. of this transmitted power. In the 
case of smaller rectifiers the filament may be a small spiral 
of tungsten wire having held over it a molybdenum cap like 
a thimble which does not touch the fila-- 
ment (see Fig. 46). Such a valve is suitable 
for carrying up to 100 milliamperes wit 
valve P.D. of 10,000 volts. 7 
In other cases the filament is a W or zig- 
zag pattern of wire held in a frame, and 
the anode is in the form of a pair of plates — 
placed on either side of it. (see Wig. 47). 
In this last pattern the current-carrying © 
capacity can be up to 400 milliamperes 
at 25,000 volts P.D. between filament and 
anode, or a rectified power of 10 kw., with 
a power dissipation of about 2 per cent., or 
900 watts, in the valve itself. 3 
For higher voltages up to 100,000 the 
Hig. 46.2. Small cylindrical anode is the best. Up to the 
Kenotron or present rectifiers of this type have been 
mae rane constructed for direct current voltages as 
eming Rectify- E 

ing Valve as high as 100,000 and for currents up to 1-5 

made by the amperes. ‘ 

Soba cage The oscillogram shown in Fig. 48 shows 

ompany 0 : : 

Ae er ites the complete rectification effected by such 

a valve operating on a low-frequency 
alternating current of frequency 60, and an E.M.F. of 122 
volts. The upper curve shows the generator unrectified 
E.M.F. curve and the lower the rectified current through the 
valve. 

A useful property of high vacuum valves is that any number 
can be arranged in parallel and will each contribute their 
proper share to the resulting unidirectional current provided 
that they are all placed in parallel with one and the same 
external resistance. 

The high vacuum valve thus possesses an advantage over 
the mercury are rectifier in that it can be operated at a 
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higher voltage, whilst valves can also be yoked in parallel. 
Such valves may therefore be used to produce small high 
voltage direct or unidirectional currents from transformers 
for X-ray work or for the precipitation of smoke. 

Dr. 8. Dushman also suggests that it would be possible to 
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Fic. 47.—Large Kenotron or High Vacuum Rectifying Valve as 
made by the General Electric Company of America. 


use a large number of high vacuum valves, say 100 10-kw. 
size, to transmit power by. direct currents on the Thury 
system, employing step-up transformers to raise a low A.C. 
voltage to the required pressure. 

Il. Application of Hard Rectifying Valves.—The Fleming 
thermionic two-electrode valve was originally devised, and 
greatly used at one time, as a rectifier of feeble electric oscilla- 
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tions, and hence as a detector in wireless telegraphy. For 
this it had certain advantages over crystal detectors, yet 
owing to the superior sensitiveness obtained by the employ- 
ment of the three-electrode valve, described in the next 
chapter, as an amplifier, the two-electrode valve is now hardly 
ever used as a detector in wireless telegraphy. 

The chief use of it at present is as a rectifier for high or low 
voltage alternating currents to convert them into direct or 
unidirectional currents. 

The high voltage rectifier is a high vacuum or hard valve 
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Fia. 48.—Oscillogram, showing by the upper curve the wave 
form of an alternating electromotive force, and by the lower 
curve the complete rectification by a High Vacuum Valve or 
Kenotron. , 


made exactly in accordance with the author's patent specifica- 
tion, but having usually a drawn tungsten wire filament. 
This wire, in large valves, is made rather thick and rendered 
brightly incandescent by a current of about 10-20 amperes 
flowing under 20 to 10 direct volts E.M.F. 

The anode is a sheet nickel cylinder surrounding the loop 
“filament (see Fig. 49). 

In the case of the valve as used by the author for a detector 
only one-half of the wave of alternating current is rectified 
or used, If we desire to rectify completely an alternating 
current we can employ several arrangements for this purpose. 
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We may, for instance, employ four valves arranged in the 
arms of a Wheatstone’s Bridge (see Fig. 50). The source of 
alternating current supply is then connected to the ends of 
one diagonal of the quadrilateral, and the instrument through 
which the direct current is to pass is placed across the conjugate 


High Power Fleming Rectifying Valve, as made by the 
Marconi-Osram Valve Company. 


Fig. 49, 


diameter. The valves must have their plates and filaments 
arranged as shown in the diagram in Fig. 50, and each valve 
must have its filament rendered incandescent by its own 
private battery. 

It is possible, however, to construct a single bulb with one 
incandescent filament, and two separate anode cylinders 
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surrounding it which will act as a rectifier of both phases of 
an alternating current. Such a double rectifying valve has 
been made by the Edison Swan Electric Co., Ltd. (see 
Fig. 51). i 

In using it the two anode cylinders in the single bulb are 
connected to the transformer secondary terminals, as in the 
case of two separate valves. In all cases of rectification of 


Fra. 50.—Arrangement of four Fleming Valves for complete rectification 
of both phases of an alternating current. 


alternating currents it is necessary to employ a condenser to 
receive and store the charge. 

‘This is called a smoothing condenser. The scheme of connec- 
tions is then made as shown in Fig. 52. In this case an alter- 
nator A, which may be high or low frequency, provides a 
current the voltage of which is stepped-up by a transformer 7’, 
The two phases are rectified by two rectifying valves which 
have their filaments heated by one common battery B, or 
this heating current may be supplied from another small 


j 
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transformer actuated by the alternator A/_ The charges are 
accumulated in the condenser C, and from its terminals a 
high-voltage direct current can be drawn off. It will be seen 
that the valves so rectify the phases, owing to the fact that 
negative electricity alone can flow from the filaments to the 


Fra. 51.—Double Anode Rectifying Valve for complete rectification. 
Made by the Edison Swan Electric Co., Ltd. 


plates, that the condenser is kept charged in one direction, 
It is easy in this way to employ an alternating current trans- 
former to produce a direct current of an ampere or more at 
a voltage of 10,000 volts. 

By the use of three valves we can rectify three-phase 
alternating current in the same manner. Such high-voltage 
rectifiers formed with “ hard” or high vacuum valves are an 


oe 
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essential part of all modern valve generators, as explamed in 
Chapter VI. 7 | 
12. The Theory of the Thermionic Rectifier.—The theory of 


3 + Ro Ry 
Fic. 52.—Arrangement of Circuits for rectifying both phases of an 
alternating current by two Fleming Valves. 


the hard thermionic valve used as a rectifier of high voltage 
alternating currents to produce high voltage direct current 
has been given by Professor C. L. Fortescue, in a paper read 


CURRENT-+ 


VOLTS+ 


Fig. 53. 


to the Physical Society of London.! Referring to the arrange- 
ment, as shown in Fig. 52, in which a transformer T is employed 


1 See C. L. Fortescue, “‘ The Current Voltage Characteristics of High 
Voltage Thermionic Rectifiers,’ Proc. Phys. Soc. London, vol. *xxxi., 
August, 1919. 
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to furnish a low-frequency high-voltage E.M.F., it is seen 
that the condenser C is kept charged in one direction and acts 
as a reservoir of electricity, which is continually being removed 
as a continuous current end supplied intermittently by the 
rectifying valve or valves. 

Let V, be the steady or nearly steady potential difference 
of the condenser plates, and let J, be the direct current drawn 
from it. Let v = V sin of be the E.M.F. of the transformer, 
which supplies the alternating current. 

Then as long as v is less than the P.D., viz., V, of the con- 
denser plates, no current flows into it. When v rises above V : 
the electron current in the valve rises very quickly to its 


v-Vsin of 
Fig, 54. 


saturation strength (J,), and this continues until the P.D. Vo 
again exceeds v. If, then, we have arrangements to rectify 
both phases intermittent currents are forced into the condenser 
at some time during each half-period of the alternating current. 
The P.D. of the condenser, viz., V,, fluctuates a little, as shown 
in the diagrams in Figs. 53 and 54. There is a certain potential 
difference of the plate and filament which must be exceeded 
before the saturation current in the valve is attained. Tf Vo 
and V are large compared with this saturation voltage the 
following formule given by Professor Fortescue enable us to 
calculate the capacity of condenser required to furnish certain 
rectified currents. Let the value of phase angle wf at which 
we have v = JV, be called 9. Then if 7 is the periodic time 
of the alternating current the saturation electron current is 
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flowing for a time 7(7 — 26)/27 seconds -per cycle, assuming 
half-rectification. The quantity of electricity put into the 
condenser is then [,7'(a — 20)/27. In order that a steady 
direct current I, may be taken from the condenser we must 
have the equality, 


or ° = Qar|(r 20): 


We may regard the condenser as a sort of cistern from which 
water is being drawn off in a steady stream by a tap, the cistern 
being kept full by donations of water put ito it at regular 
intervals, or by a flow from an inlet tap which is turned on 
for a short time and then shut at regular intervals. The time 
during which the current J, flows in is (7 —.20)T/27, and during 
the same time a current J, flows out. Also a current J, flows 
out during the remainder of the periodic time, viz. (7 + 20)T/27. 

If C is the capacity of the condenser, the drop in potential 
(7 + 26) T 

2 C 


during this last-named time must be equal to J, 


The average steady potential is V4. 

Hence, if we denote by p the percentage change in the 
condenser terminal P.D., viz., Vo, and by f the frequency of 
the current supplied by the transformer, it is clear that 


for complete rectification. 
Thus, suppose p = 5 per cent., f= 50, J, = -05 ampere; 


V. = 10,000 volts, @=1 radian; then C = 1-64 mtd; fore | 


semi- and = 0-64 for complete rectification. We can then 
express the efficiency of rectification as follows : 

The power taken from the transformer (W,) is given by 
the expression 


at — 9 
W,= | IV sin oldt = kI,V 
A7T 
2 cos 


where fi= eon 
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The power expended in the valve (Wp) is given by 


7—O0 
Wier ss } I{V sn 0 — Vo)dt 
/@ 


i Wye 
a6), 
If we neglect the power required to heat the filament the 

efficiency (7) is given by | 
fee Weoley 
AE San | ey a 
The curves representing k, k — V,/V and V,/kV are shown 


in Fig. 55. In the case of large rectifying valves the power . 


required to heat the filament must be taken into account. 
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Let Wy denote this power in watts. The characteristic curves 
show that this power in watts per ampere of electron emission, 
(w) = W,/I., falls rapidly as the temperature of the filament 
r1ses. 

The ratio w may be taken as a measure of the probable life 
of the filament. 

The total input to the rectifier is then 


Wee W. +- Wp = ie +h wl, 
: Ww Ix 
=1LV(E+5 Piro 
and since the output is [,V, the overall efficiency is 
7 Le V/V 
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Thus, supposing the filament power: was 100 watts per 
ampere of electron emission, and that V = 10,000, then 
the maximum efficiency of rectification is nearly 90 per cent. 
But if w= 200 and V = 4,000, then the efficiency would be 
only 65 per cent. Hence, generally, a high efficiency of 
rectification involves a shorter life for the valve. 

13. Types of Hard Rectifying Valves.— When relatively large 
currents at high voltage are rectified by hard valves there 1s a 
considerable expenditure of power in the valve, and the 
electronic bombardment of the cylinder may make the latter 
soon red-hot. It has therefore to be constructed of some 
highly infusible metal, such as nickel, tungsten or molybdenum. 
Since the cylinder js in the middle of a highly exhausted bulb 
it cannot easily be cooled, and the glass is liable to become 
unequally hot and to crack at the sealing points. Bulbs have 
therefore been made of silica, which is less liable to fracture. 
A great advance of recent years is in the construction of high- 
power, hard rectifying valves with bulbs partly of metal 
(nickel or copper) and partly of glass. The metal part forms 
the anode cylinder, and can therefore be kept cool by an 
external water jacket or by air cooling. This construction 
has been rendered possible by the discovery that if a copper 
tube has a sharp knife edge it can be sealed to a glass tube, 
and will not crack out on cooling, although the glass has a 
somewhat different coefficient of expansion with heat to the 
copper. Accordingly, if a copper or copper-plated nickel 
tube is made closed at one end like a thimble but with 
its edge sharp, it can be sealed to a similar glass tube, which 
serves to carry the sealed-in terminals of a loop filament of 
tungsten wire. 

The copper part forms the anode cylinder of the valve, 
which is therefore only a kind of incandescent lamp with a 
bulb partly of metal and partly of glass. There does not 
appear to be any great practical diffigulty in making a high 
vacuum in such a bulb. 

The metal part has an external water jacket by which it 
can be kept cool. 

Such valves are capable of dealing with powers of several 
hundred kilowatts and rectifying high-voltage, low-frequency. 
alternating currents into direct high-voltage currents. Their 
construction is more particularly described in the next 
chapter. ; 

14. Soft or Gas-filled Rectifying Valves.—It has been found, 
however, that such rectifyig valves can be constructed with 


; 
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an inert gas, such as argon in the bulb in place of a high 
vacuum .when ‘employed for rectifying low-voltage, low- 
frequency alternating currents. 

The author showed in 1890 that the “ Edison effect ’’ can 
take place between an incandescent filament and a cold metal 
plate very near to it in air at ordinary pressure, and since 
that date others have constructed rectifying valves in which 


Fie. 56.—Six-ampere and Two-ampere Tungars or Low Vacuum 
Argon-filled Thermionic Rectifying Valves. 
oOo; 


the incandescent filament was placed in a bulb not very highly 
exhausted. 

In the case of these ‘“‘ soft’? or low vacuum valves the 
current in the bulb is conveyed to a considerable extent by 
electrons produced by the ionisation of the residual gas in 
the bulb. 

The employment for illumination of tungsten filament 
lamps in which the bulb is not highly exhausted, but filled 
with an inert gas such as nitrogen or argon at a low pressure, 
may, doubtless, have also suggested the trial of a similarly 
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constructed oscillation valve or rectifier. In this case the 
anode or collecting plate must be placed very near the filament 
and the gas pressure in the bulb reduced to about 3 mm, of 
mercury. The current between cathode and anode is then 
chiefly due to gas ionisation. 

As an example of such a low vacuum valve, filled with a 
rarefied inert gas, we may mention that type of valve manu- 
factured by the General Electric Company of the United 
States, which comprises a tungsten wire hot. cathode and a 
tungsten plate cold anode, the bulb being filled with rarefied 
argon. With the usual affection for special names, this 
particular modification of the Fleming valve has been called 
a Tungar Rectifier. 

The bulb of the valve is first highly exhausted and then 
refilled with argon under 

Clk A 0 Lie — — — sip “pressure 01 30 teas 
of mercury. The hot 

cathode is a tungsten 

wire spiral, and this is 

+ placed very close to 

the cold anode tungsten 

< fred S plate. These valves are 

p F | aT r ] meant to operate on low- 

— voltage (75-120 volts) 

alternating current cir- 

Fria. 57.—Scheme of Connections for using eyjits and to rectify the 
a tungar rectifying valve to rectify a : 

low-frequency alternating current. alternating current for 

various purposes, such as 

battery charging, bell ringing or telegraph work. The valves 

are made in three sizes—viz., to rectify 2 amperes at 115 volts, 

6 amperes at 7-15 volts, and 6 amperes at 7-715 volts. The 
appearance of the 6-ampere tungar is shown in Fig. 56. 

When used for rectifying an alternating current the tungsten 


flament or cathode is rendered incandescent by an alternating ~ 


current supplied at proper voltage through a small trans- 
former, 7, operated from the alternating current supply. 
There is then a separate circuit formed by connecting to the 
terminals of the alternating circuit the cold tungsten anode, A, 
on one side and the hot cathode, F’, on the other, and in this 
circuit is inserted the battery or other appliance to be served 
or worked by the rectified alternating current. The valve 


1 See The General Electrical Review, vol. xix., p. 297, April, 1916, article 
by Mr. G. Stanley Meikle on * The Hot Cathode Argon Gas-filled Rectifier ”* : 
also ibid., vol. xx., p. 209, Mr. R. E. Russell on “The Tungar Rectifier.” 
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permits the passage of negative electricity only from the hot 
cathode to the cold anode (see Fig. 57). 

_ Valve rectifiers of the above kind are now manufactured 
In sizes sufficient to rectify currents for charging storage 
batteries from alternating current supply circuits of the 
usual commercial frequency and voltage. Thus, it is quite 
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Fic. 58.—View of the Complete Tungar Rectifier with all Adjuncts. 
easy to rectify ordinary town supply alternating current cf 
a frequency of 50 to 100 cycles supplied at 100 to 440 volts, 
so as to provide a constant current of 10 to 12 amperes for 
battery charging. There are no moving parts or contacts 
or commutator, and the rectifier acts silently and continuously 
without requiring attendance. The transformer and rectifying 
valve can be contained in one box, as in Fig. 58. 
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CHAPTER III. 
THe THREE- AND FouR-ELECTRODE VALVES. 


1. The Three-electrode Valve.—An improvement on the hot 
and single cold electrode oscillation valve described in the 
previous chapter was effected by the introduction of a second 
cold electrode in the form of a grid, wire zig-zag or perforated 
plate placed in between the hot cathode and cold electrode 
of the Fleming valve. 

This modification enabled the appliance to be used not 
merely to rectify, electric oscillations, but to relay or repeat 
them on a magnified scale, so that when employed with a 
telephone, as below described, a considerable increase in 
oscillation-detecting power ensued. Also it made it possible 
to use the instrument as a telegraphic’relay of a certain kind. 
The credit for this structural improvement must be given 
to Dr. Lee de Forest, who arrived at it by a series of steps 
presently to be mentioned. 3 

Underrating, however, the author’s previous work in the | 
invention of the two-electrode valve, he took the view that 
his improvement constituted a new invention originating 
entirely with himself, independent of everything that had 
been done before, and radically different in operation from 
the Fleming valve. | 

Hence he availed himself of many opportunities for dis- 
paraging the author’s prior work, incorrectly representing 
the two-electrode rectifying valve as a comparatively useless 
laboratory device appropriated from Mr. Edison, or else 
“taken from the early German scientists by Professor 
Fleming.” 4 

The judgment of Judge Mayer and the confirmatory 


1 See letter of L. de Forest in The Electrician, vol. 1xi., p. 804, Septem- 
ber 4th, 1908. A prolonged controversy took place on this subject. See 
de Forest’s letters in The Electrician, vol. lviii., p. 425, December 28th, 
1906; vol. Ixi., p. 804, September 4th, 1908 ; vol. lxi., p. 1006, October 9th, 
1908 ; and vol. Ixxii., p. 659, January 23rd, 1914. Also the author’s replies 
in The Electrician, vol. lviii., p.- 263, November 30th, 1906; vol. lvii., 
p- 464, January 4th, 1907 ; -vol. 1xi., p. 843, September 11th, 1908 ; vol. Ixxii., 
p: 377, December 5th, 1913; vol. lxxii., p. 660, January 23rd, 1914, 
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unanimous judgment of the Court of Appeals in the action- 
at-law already mentioned in Chapter ITI. cleared away 
these misconceptions and showed that his improvements 
were of the nature of modifications of the original inven- 
tion of the rectifying valve, involving the same physical 
principles. 

The stages by which de Forest reached this modification, 
or improvement, were as follows: In or before 1904 he was 
engaged in researches on the production of some new detector 
devices he called “ oscillation responsive devices,” in which 
two electrodes were immersed in the flame of a Bunsen burner 
and connected respectively to the earth and to a recelving 
aerial. They were also joined by a circuit containing a 
battery and a telephone. The idea seems to have been that 
the oscillations in the aerial would put the “ gaseous medium ” 
—1.e., the* flame, “into a condition of molecular activity,”’ 
and that it would then become a conductor and pass the current 
from the battery through the telephone in series with it and 
thus produce a sound. | 

He applied, on February 2nd, 1905, for a United States 
patent tor these devices, the specification having been 
actually signed by him on November 4th, 1904, a few days 
before the application of the author for the British valve 
“patent, No. 24,850, of 1904, and some weeks before the 
application for the corresponding United States patent, 
No. 803,684. | 

In this specification, No. 979,275, of 1905, Lee de Forest 
included amongst his Bunsen burner oscillation responsive 
devices one consisting of a bulb filled with air or gas, in which 
were two electrodes intended to be heated by a dynamo, but as 
the electrodes are shown in the diagram connected by a tele- 
phone, it is not at all clear how they could carry a heating 
current from the dynamo (see p. 102, Fig. 59). The specification 
contains forty-one claims and abounds in such vague phrases 
as “a sensitive constantly receptive oscillation responsive 
device comprising in its construction a sensitive conducting 
gaseous medium.’ The various items in this United States 
patent of de Forest, No. 979,275, were subsequently divided 
into separate applications and formed the subject-matter of 
three subsidiary specifications—viz., No. 867 ,876, application 
of April 4th, 1906; No. 867,877, application of June 12th, 
1907 ; No. 867,878, application of June 12th, 1907. 

It is not at all certain that any of these devices were ever 
put into practical operation, but, nevertheless, their patentee 
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referred to this United States patent, No. 979,275, some ten 
years afterwards as his “ basic American patent.’’? 

When, however, in 1916, the question of its real value 
came to be discussed impartially in a- Court of Law, Judge 
Mayer, who tried the case, in giving judgment on Septem- 
ber 20th, 1916, in the action brought by the Marconi: Wireless 
Telegraph Company of America against de Forest Radio 
Telephone and Telegraph Company, after a prolonged legal 
contest on the Fleming and de Forest patents, said : “ This 
burner detector of de Forest has never been commercially 
used and thus has not made any impression on the art. A 
mere inspection of the device in operation will show that this 
flickering flame is impracticable. The most that can be said 
for it is that it may contain the germ of an idea which in this 


‘rapidly-progressing art may hereafter be utilised in some way. 


Whilst, therefore, it is not necessary to declare this patent 
and its three subsidiaries invalid, it may be eliminated from 
this case for all practical purposes.” 

Soon after the date of application for the Bunsen burner 
patent de Forest had brought to his notice the paper published 
by the author in the Proceedings of the Royal Society of London 
sssue of March 16th, 1905, which had been read to the Society 
on February 9th of that year entitled, “ On the Conversion 
of Electric Oscillations into Continuous Currents by means of 
a Vacuum Valve.” 

It is clear from subsequent events that this paper was 
the means of. starting trains of thought in his mind which 
had certainly not been there before its perusal. He must 
then have become strongly impressed with the idea that 
what was required was not “a gaseous medium in a state of 
molecular activity,” but some means of rectifying, as the 
author had shown, the trains of electric oscillations into 
unidirectional currents to make them affect a telephone or 
other instrument. Accordingly, in his next U.S. patent 
application, No. 823,402, filed December 9th, 1905, covering 
inventions in radiotelegraphy, we find he made use of the 
Fleming valve, and gave also a reference to its published 
description in the Proceedings of the Royal Society, March 16th, 
1905. | 

Very ingeniously, however, he couples with this valve, and 
as equivalent to it, one of his Bunsen burner detectors, the 


1 See a letter by Dr. Lee de Forest to The Electrician (London), on 
January 23rd, 1914, vol, IxxiL, p. 659 ; and reply by J. A. Fleming, ¢brd., 
p- 660. 
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flame of which is rendered more conducting by sodium or 
other salts, and this flame is now described as having a non- 
symmetrical conductivity. He states that positive electricity 
passes more readily in one direction in the flame than in the 
opposite. 

The Bunsen burner has thus been transmitted -into a 
rectifier of oscillations, and is described as a “ valve’ in this 
de Forest specification. His next step was to apply, on 
January 18th, 1906, for a United States patent, No. 824,637, 
for an oscillation-responsive device “ of great simplicity and 
sensitiveness.” In this specification great cleverness is shown 
in the treatment by which the oscillation-responsive device, 
shown in his Bunsen burner patent, No. 979,275 (Fig. 59a) and 
its subsidiary or divided application, No. 867,876, of April 4th, 
1906, is gradually -transformed into an identity with the 
author's oscillation valve, but disguised by the use of pseudo- 
scientific language, so as to appear to be something quite novel. 

The glass bulb is described as a “receptacle,” and the 
more or less perfect vacuum is a “ gaseous medium,” which 
is to be put into a condition of “ molecular activity,” “ highly 
sensitive to electrical oscillations,» when an electric current 
is employed “to heat two highly resistant electrodes.” 

Diagrams are then given in this specification in which 
there is, as it were, a slow evolutionary transformation from 
the sterile oscillation-responsive device of specification No. 
979,275 (Fig. 59a) toa nearly complete identity withthe author’s 
previously described valve detector. The diagrams A, B, C, D, 
in Fig. 59 are taken from de Forest’s U.S. specifications, and 
show how ingeniously this metamorphosis was managed. 
The series, in fact, reminds us forcibly of the illustrations in 
books on geology, showing the gradual evolution of present-day 
forms of animal life from ancient prehistoric types now extinct. 

In the above specification it was stated that heating the 
electrodes is not even necessary, and that the gas may be 
“rendered sensitive to electrical oscillations by heating or 
by any other suitable means.” As an example of such 
~ suitable means” it is sufficient to cover the electrodes 
with “some radio-active substance such as radium bromide.” 

The next step was to sub-divide this broad specification 
into others covering its separate parts—viz., No. 836,070 
(application of May 19th, 1906), and No. 836,071 (application 
of May 19th, 1906). The first of these includes and describes 
identically the same article as a Fleming valve. The 
“ receptacle ’’ is now “ partially exhausted.” Two electrodes 
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are sealed into it. One electrode, #, may be an “ ordinary 
incandescent lamp carbon filament,’ the other “a disk of 
platinum or other material.” The “gaseous medium ”’ 
between them is rendered sensitive to electrical oscillations 
by the radiation of heat from the electrode, #, the said 
electrode being heated by a source of energy. 

Influenced by this verbal camouflage, the United States 
Patent Office examiners could hardly help believing that the 
above specification described something entirely new and 
different from the simple Fleming valve for which a United 
States patent had been applied and issued months before, the 
only difference being that in the former specification the valve 
is shown associated with a telephone and boosting battery 
as signal detector, and in the latter with a galvanometer or 
other current-detecting instrument. 

In order to maintain the tradition that the Bunsen burner 
detector was the real parent of all subsequent forms of valve, 
Dr. Lee de Forest continued his course on January 20th, 
1906, by filimg an application, No. 824,638, for another Bunsen 
burner patent. In this case electrodes are placed in a Bunsen 
flame. “‘ These may consist of platmum or carbon, or one 
may be of platinum and the other of carbon.” ‘‘ When 
electrical oscillations are developed in the antenna by electro- 
magnetic signal waves the passage of such oscillations through 
the sensitive gaseous conducting medium between the 
electrodes alters the conductivity thereof and thereby alters 
what may be termed the internal resistance of the flame 
battery constituted by the electrodes and the flame.” There 
is no proof that any “‘ sensitive gaseous medium ”’ ever acted 
in this manner or that a single wireless message was ever 
received by this suggested form of “ oscillation-responsive 
device.” 

In his next patent application the pendulum swings back 
again in the direction of the Fleming valve, and on 
February 14th, 1906, we find de Forest making another 
patent application, No. 837,901, in which he again declares 
he has “discovered that if a gaseous medium intervening 
between two separated electrodes be put into a condition of 
molecular activity by heating the same or otherwise putting 
it into a condition of molecular activity, said medium becomes 
highly sensitive to electrical oscillations.” The actual instru- 
ment figured in the diagrams of this specification is, however, 
an incandescent electric lamp arranged as an oscillation valve 
having a projection on the bulb filled with mercury which acts 
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as the cold electrode. An electromagnet is shown in the 
diagram placed near the bulb, which it is said “ will greatly 
increase the sensitiveness of the detector.” 

This application was followed by another on August 27th, 
1906, No. 841,386, in which an oscillation detector is described 
which is said to have many uses. It comprises now “ an 
evacuated vessel of glass or other suitable material, having 
two separated electrodes, between which intervenes the 
gaseous medium which when sufficiently heated or otherwise 
made highly conducting forms the sensitive element of my 
oscillation detector.”’ One of these electrodes is to be a 
carbon or tantalum filament and the other a cold metal 
plate or pair of plates. In the diagrams the filament 1s shown 
connected to a battery through a rheostat and outside the 
lamp the plates are connected with the lamp filament terminals 
through a telephone and a boosting battery. In some cases 
magnets are to be placed outside the bulb or coils of wire 
surrounding it. ee. 

In order carefully to distinguish this oscillation-responsive 
device from the Fleming valve, to which it had unfortunately 
so strong a resemblance, a new name for it was coined. It 
was called an audion. The patentee says this name is to 
include other devices of his invention ‘“‘ employing a conducting 
gaseous medium as the sensitive element.” 

It is curious how de Forest returns again and again in his 
specification to such meaningless expressions as the above. 

2. The Audion of Lee de Forest.—Having secured, as he no 
doubt thought, a sound position in regard to patent priority, 
Dr. Lee de Forest next read a paper to the American Institute 
of Electrical Engineers, New York, in October, 1906 (see 
Transactions, American Institute of Electrical Engineers, 
vol. xxv., p. 735, 1906), entitled “The Audion: A New 
Receiver for Wireless Telegraphy.” The paper was dis- 
cursive and also remarkable for the absence of any correct 
and proper history of the subject. 

The author of it began by giving an account of his Bunsen 
burner experiments as the foundation of all his work and he 
then gives a single reference to a paper by Elster and Geitel, 


published in Wiedemann’s Annalen, vol. xvi., 1882, and he — 


also gives a diagram taken from one of their subsequent 
papers. The paper of Elster and Geitel which he quotes— 
viz., Wied. Ann., vol. xvi., 1882—contains no reference to 
the diagram he gives of the apparatus, consisting of a glass 


bulb having a wire stretched across it, intended to be heated 
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by an electric current, and an insulated metal plate placed 
hear it and carried on a wire sealed through the glass (see 
Fig. 19 of Chapter I. of this book). The title of Elster and 
Geitel’s 1882 paper is “ On the Klectricity of Flames,” and 
no apparatus 1s described in this paper such as that de Forest 
depicts. This bulb was not used by Elster and Geitel until 
five years later and is described by them in a paper entitled 
“ On the Tonisation of Gases by Incandescent Bodies,” printed 
in Wiedemann’s Annalen for 1887 , Vol. xxx1., p. 109. 

Moreover, in this 1887 paper, Elster and Ceitel only used 
a platinum wire across 
the bulb, and it was 
not until two years 
later, in 1889 (see Weed. 

Annalen, vol. xxxvii., 

p- 319, 1889), that they A 

experimented with a 

carbon filament and 

found that it gave eC 

off negative electricity 

when incandescent. | e 
It was in December, 

1889, that the author ) 

sent to the Royal . 

Society of London a il T 

paper dealing with the tants O 

“Edison effect” in —<— 

carbon glow lamps and aT 

in the electric arc 2 I Eps 

and the transference B 

of negative electricity Fie. 60.—Lee de Forest’s Two-Electrode 

from hot to cold Audion of 1906. 

electrodes in vacuum 

bulbs. There is not the slightest reference to this work in de 

Forest’s paper. 

This point is important, as it shows clearly the want of 
care and ‘fairness in collecting information and verifying 
references. Moreover, de Forest refers to the author’s prior 
work in connection with the use of a glow lamp having a 
plate sealed into the bulb for rectifying high-frequency 
currents as experiments with an “ Elster and Geitel tube ” 
(see p. 107). He then went on to describe as a new invention 
of his own a detector for wireless telegraphy consisting of a 
glass bulb evacuated of its air having in it a horseshoe-shaped 


—_—— 
ee 
— 


106 THE THERMIONIC VALVE 


filament of carbon or tantalum carried on wires sealed through 
the glass and rendered incandescent by the current from a ~ 
battery. On either side of the filament were fixed two metal 
plates he calls “ wings” carried on a platinum wire sealed — 
through the glass. Outside the lamp the two plates were 
connected with the positive terminal of the filament through 
a circuit containing a galvanometer, a telephone, and a battery 
of cells having its positive terminal joined to the wings (see 
Fig. 60). | 

He omitted to mention that this arrangement had already 
been patented by the author in Great Britam as a radio- 
telegraphic detector. He also gave other diagrams of audions 
with coils of wire round the lamp bulb, the diagrams being 
taken from his then recently filed United States Specification, 
No. 841,386.1 Judging by the discussion which followed, his 
explanations of the action of his “ audion ” were not considered 
very satisfactory and objections were raised to his newly- 
coined name as a bastard and unsuggestive word. 

Broadly speaking, he attributed the operation to the 
ionisation of the residual gas by the incandescent filament, 
but he gave no very clear account of the physical processes 
at work. As regards the line of thought which led him to 
invent this detector, he stated that it occurred to him that 
the attenuated and ionised gases around an incandescent ~ 
filament would undergo very considerable changes when 
subjected to Hertzian oscillations. He appeared chiefly 
desirous of proving that his audion was not an oscillation 
valve but something very superior to it. He strongly insisted 
that the important novel element was the use of a voltaic 
battery in series with the telephone supplying a boosting 
voltage and that this circuit was connected outside the lamp 
between the “ wing” plates and the positive terminal of the 
incandescent filament. 

He felt bound, however, to forestall some mention of the 
Fleming valve patented in Great Britam nearly two years 
before, and fully described in the author’s book, Princvples 
of Electric Wave Telegraphy, published nearly six months 
before the date when he read his paper. Hence, he says, 
loc. cit. : ‘‘ I have arrived as yet at no completely satisfactory 
theory as to the exact means by which the high-frequency 
oscillations affect so markedly the behaviour of an ionised 
gas. Fleming points out that when the cold plate of an 


1 This patent of de Forest was subsequently held by the United States 
Circuit Court of Appeals to be void. 
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Klster-Geitel tube is connected to the positive end of the 
filament and the two put in a high-frequency oscillation 


‘circuit, only the positive half of the oscillation can pass from 


the plate to the filament across the gas. He uses this principle 
to rectify the Hertzian oscillations, and applies the unidirec- 
tional currents of the oscillations themselves to operate a 
sensitive galvanometer or direct current instrument for 
quantitative measurements over short distances. When an 
independent source of electromotive force is applied in the 
manner I have described the action becomes quite different. 
It then operates as a relay to the Hertzian energy instead of 
merely rectifying this energy, so that it can be used directly 
to give the sense signal.”’ 

When, in the discussion, he was asked point blank by 
Mr. C. D. Ehret to state exactly wherein his audion differed 
from a Fleming valve, he could only repeat the assertion 
that his audion was a relay and the valve only a rectifier. 
He confidently asserted that the Fleming valve was useless 
in commercial wireless telegraphy. 

He did not know that at that time the author’s valve had 
been in practical use in radiotelegraphy in Great Britain for 
nearly eighteen months, and that it had been employed with 
a telephone, as a receiver, just in accordance with the diagram 
in his paper. 

He was quite wrong in asserting that the form of Fleming 
valve he called an audion was a relay. Later on he did 
succeed in devising a form of valve, to be mentioned presently, 
which does or can act as a relay. 

The instrument he described in this 1906 paper was simply 
a Hleming valve, and it did not operate as a true relay. If 
Dr. de Forest had studied a little more carefully the Royal 
Society paper of the author published in March, 1905, he would 
have seen there a series of characteristic curves delineated 
for one particular valve, showing the relation of thermionic 
current to potential difference of the plate and filament. 
These observations were made by inserting a battery in the 
external circuit joming the plate and filament, exactly as he 
did in his experiments, but employing a galvanometer as a 
current measurer. ‘These curves give a full explanation of 
the action of the valve when used with such a boosting voltage 
and a telephone in the valve circuit. They show that for a 
particular voltage, or P.D., the thermionic current rises with 
great rapidity, and hence that when that critical steady 
auxiliary voltage is applied, a small additional voltage, such 
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as is obtained by the superposition of.an alternating H.M.F. 
on the steady E.M.F., may give rise to a large increase in the 
thermionic current. 

Every electrical student was also aware long before 1906 
that the telephone is sensitive only to change of current, and 
not to steady or unvarying current. Hence when a telephone 
is used in place of a galvanometer as a signal-recording instru- 
ment it is an advantage to add such a boosting or additional 
steady E.M.F. in the valve circuit as will bring the effective 
P.D. between filament and plate to that point on the charac- 
teristic curve at which the thermionic current begins to rise 
rapidly. This, however, is not a true relay action. 

Summing up the criticism with regard to this paper of de 
Forest, we may say that there were three facts which ought 
in fairness to have been brought to the notice of his audience 
at the time to enable them to judge of the novelty of this 
new receiver described to them. The first of: these was that 
an exactly similar instrument—viz., an incandescent lamp 
having a plate or plates sealed into the bulb—had_ been 
patented, or patents applied for, as a detector in wireless 
telegraphy in Great Britain, the United States, Germany, 
France, Italy and other countries by J. A. Fleming and 
Marconi’s Wireless Telegraph Company months before the 
date when this paper was read by de Forest. Secondly, 
that it was not new to introduce a boosting or auxiliary voltage 
into the external or valve circuit ; and thirdly, that Senatore 
Marconi had used such appliances supplied to him by the 
author of this book eighteen months before October, 1906, 
with a telephone as a receiver for wireless telegraphy. 

There is no intention of suggesting any want of good faith 
or integrity on the part of Dr. Lee de Forest. He was at that 
date evidently quite sure that he had full right to make use 
of an incandescent electric lamp having a plate or plates 
sealed into the bulb as a detector in wireless telegraphy, and 
he was firmly convinced that his substitution of a battery- 
boosted telephone in place of a galvanometer was an important 
invention. Exactly ten years later he had these opinions 
corrected by the judgment of Judge Mayer, subsequently 
upheld by the Court of Appeals. 

Shortly after reading this paper de Forest filed another 
application on October 25th, 1906, for a United States Patent, 
No. 841,387, entitled ‘‘ Device for Amplifying Feeble Electrical 
Currents,” and in this we have the first indication of a genuine 
improvement. 
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The principal item in this specification is an incandescent 
lamp having in addition to the carbon or metal loop filament 
two metal plates sealed into the bulb. This in itself was not 
novel, because the author had shown in his Royal Society 
paper of February, 1905, loc. cit., and in the first edition of 
his book, Principles of Electric Wave Telegraphy, published 
April, 1906 (see Chapter VI.), an oscillation valve with two 
such cold electrode plates. 

Nevertheless, de Forest made a scheme of connections 
outside the valve as follows : 

One of the plates and one terminal (the negative) of the 
filament in the bulb were connected to the aerial wire and 
earth of the wireless receiving set, whilst the second plate was 
connected with the positive terminal of the filament through 
a telephone and boosting battery. This arrangement was 
stated to work in virtue of the fact that the electrostatic 
attraction of the filament and plate connected to the wireless 
antenna would draw them together and so vary the distance 
between the filament and the second plate and thus alter the 
current through the telephone. It may be doubted very 
much whether any such attractions could be so controlled 
as to give rise to the required variations in the thermionic 
current flowing to the second plate to transmit intelligible 
signals. Moreover, the thermionic current is not sensibly 
altered by varying slightly the distance between a hot and 
cold electrode. 

This patent specification, however, contained two claims 
(4 and 6) for a detector device for amplifying electric currents. 
The wording of them was as follows : | 

Claim 4.—In a device for amplifying electrical- currents, 
an evacuated vessel, three electrodes, sealed within said 
vessel, means for heating one of said electrodes, a local receiving 
circuit, including two of said electrodes and means for passing 
the current to be amplified between one of the electrodes which 
is included in the receiving circuit and the third electrode. 

Claim 6.—In a device for amplifying electrical currents, 
an evacuated vessel, a heated electrode and two non-heated 
electrodes sealed within said vessel, the non-heated electrodes 
being unequally spaced with respect to said heated electrode, 
a local receiving circuit including said heated electrode and 
that one of the non-heated electrodes which has the greater 
separation from the heated electrode and means for passing 
the current to be amplified between the heated electrode and 
the other non-heated electrode. 
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As these claims constituted the first mention of what may 
be called a split cold electrode, the two parts being differently 
connected to the hot electrode, and as this formed the basis 
of a subsequent patent for a three-electrode-amplifying valve 
of true relay action, the Marconi Wireless Telegraph Company 
of America, who were the plaintiffs in the action against the 

de Forest Radio Telephone and 
4 Telegraph Company in 1916, 
Plalé Coe confessed judgment as to the 
two above claims, 4 and 6, 
U.S. Patent No. 841,387, whilst ° 
the defendants withdrew issue 
on claim 5 of the above patent, 
which reads as follows : 

Claim 5.—In a device for 
amplifying electrical currents 
an evacuated vessel enclosing a 
gaseous medium, means other 
than the received energy 
for maintaining said gaseous 
medium in a condition of mole- 
cular activity, means for im- 
pressing the current to be 
amplified upon said gaseous 
medium and a local receiving 
circuit having its electrodes 
within said vessel. 

On January 29th, 1907, de 
Forest filed another application 
for a United States patent for 
an improvement in oscillation 


\ filament: in his United States Patents 


Nos. 824,637 and 836,070. 
Fia. 61.—Lee de Forest Audion Ther l lead ¥ 
or Three-electrode Thermionic CSW DAVES already seen 
Amplifier of 1907. are Fleming valves used with 
a telephone and boosting bat- 
tery in series connected to the filament and the collecting 
plate or cold electrode. 
The feature of the new specification, No. 879,532, is the 
introduction of a second cold electrode in the form of a grid 
or zig-zag of wire placed between the incandescent filament 


and the other cold electrode plate. 
The arrangement is shown in Fig, 61, in which a loop filament 
a | 
a a 


detectors of the type described . ~ 
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of carbon or metal is placed in an exhausted tubular bulb 
affixed to a stem, and another stem inserted at the opposite 
end carries a metal plate and a zig-zag of metal wire on separate 
sealing-in wires passing through the stem. 

The manner in which he connected this three-electrode 
valve or audion when employing it as a-detector in wireless 
telegraphy is shown in the diagram in Fig. 62. 

De Forest gave no explanation in this specification as to 
the mode of action of the arrangement, but he states that 
the effect is to give louder sounds in the telephone used as a 


. Be pet a 


lta. 62.—-Lee de Forest’s Three-electrode Audion of 1907. D, Glass 
bulb. F, Filament. a, Grid. 6, Plate. A, Filament battery. 
B, Plate battery. 7’, Telephone. 


signal-receiving instrument. He may have been led to try 
this type of thermionic detector by his previous experiments, 
but at any rate the result was to furnish for the first time a 
modification of the thermionic valve which can act as a relay 
or amplifier under certain conditions. . 

The corresponding British patent to the above was applied 
for on January 21st, 1908, and is No. 1,427 of 1908; but 
under the Patents and Designs Act of 1907 the date claimed 
for this British patent is January 29th, 1907, being the date 
of application for the equivalent United States patent. This 
British patent of de Fores was, however, allowed to lapse 
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in 1911, and is therefore no longer in force. The name 
‘“audion ”’ is now sometimes applied in the United States of 
America to this grid and plate or three-electrode thermionic 
detector. In Great Britain it is usually called an amplifying 
or thermionic valve. 

Discussions and controversies have taken place over the 
theory of its physical action, and it was the subject of the 
above-mentioned hotly-contested patent action in the United 
States in 1916 between Marconi’s Wireless Telegraph Company 
of America, as plaintifis, owners of the United States Patent 
No. 803,684, of April 19th, 1905,-issued November 7th, 1905, 
granted to John Ambrose Fleming, of London, England ; 
and de Forest Radio Telephone and Telegraph Company and - 
Lee de Forest, as defendants. The suit was brought for 
infringement of claims 1 and 37 in the above Fleming patent 
specification by the defendants. 

The defendants made counter-claims on various claims of 
ten patents by Lee de Forest. At the opening of the trial 
plaintifis confessed judgment as to claims 4 and 6 of United 
States Letters Patent No. 841,387, and defendants withdrew 
from issue claim 5 of the same patent. Plaintiffs also con- 
fessed judgment as to the claims in issue of United States 
Letters Patent No. 879,532, and defendants withdrew United 
States Letters Patent No. 837,901. 

Of the counter-claim there remained in issue certain claims 
of seven patents—viz., Nos. 979,275, 867,876, 867,877, 867,878, 
824,637, 836,070, 841,386. These have already been discussed 
in this chapter. The first four of these concern the Bunsen 
burner detector, and the latter three the two-electrede so-called 
audion or Fleming valve. 

It should be understood that the plaintifis claimed that 
all the thermionic detectors made or patented by de Forest, 
whether two-electrode or three-electrode, came within the 
scope of the claims | and 37 of the Fleming United States 


‘Letters Patent No. 803,684, which are as follows : 


Claim 1.—The combination of a vacuous vessel, two con- 
ductors adjacent but not touching each other in the vessel, 
means for heating one of the conductors, and a circuit outside 
the vessel connecting the two conductors. 

Claim 37.—At a receiving station in a system of wireless 
telegraphy employing electrical oscillations of high frequency 
a detector comprising a vacuous vessel, two conductors 
adjacent but not touching each other in the vessel, means 
for heating one of the conductors, means for detecting fe! 


THE THREE- AND FOUR-ELECTRODE VALVES 113 


continuous current in the circuit, and means for impressing 
upon the circuit the received oscillations. It was the object 
of de Forest and his allies to prove— 

1. That all his detector devices were lineal descendants or 
logical derivatives of his Bunsen burner detector. 

2. That his so-called audion, whether two- or three- 
electrode, acted upon an entirely different principle to the 
Fleming valve. A 5 

3. That, i any case, the Fleming valve was only an obvious 
application of Edison’s lamp with metal plate fixed in the 
bulb, or else a mere laboratory experiment, and as such it 
Was open to any one to appropriate and use this apparatus 
in radiotelegraphy. 

After the case had been thoroughly threshed out by counsel 
and many expert witnesses called by both sides, judgment 
was given by District Judge Julius M. Mayer on Septem- 
ber 20th, 1916, who heard the case. Legal and scientific 
experts agreed that, having regard to the intricacies of the 
case and the rather abstruse scientific questions involved, 
it was a very masterly judgment, exhibiting great insight 
into the legal and scientific questions at issue and their 
interpretation. | 

The judgment was upheld when carried up to the United 
States Court of Appeals by the unanimous opinion of three 
Appeal Judges. 

Analysing. briefly these judgments, they amount to a 
decision as follows : 

1. De Forest was engaged, prior to November 16th, 1904, 
on experiments directed to utilising for a radiotelegraphic 
detector the electrical properties of flames. The root idea 
of his work was that electrical oscillations passed through a 
flame or heated gas would render it a conductor. His work 
in this direction bore no practical fruit. 

2. Fleming was engaged, about the same time, in trying 
to find a means of rectifying high-frequency oscillations, so 
as to render them detectable by direct current instruments. 
He applied for this purpose the Edison (1883) carbon filament 
lamp with an insulated metal plate sealed into the bulb near, 
but not touching, the incandescent filament. 

This application was patented by him on November 16th, 
1904, in Great Britain, as a detector for wireless telegraphy, 
and the United States Letters Patent corresponding to it— 
viz., No. 803,684—take date from that point of time. 

This application of a known appliance was not obvious, 

T.Y. . I 
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but was new, useful and meritorious, and was a broad patent- 
able invention. It was not anticipated by any publications 
or patents put forward by the defendants, nor by any of the 
de Forest patents. 

3. On learning of Fleming’s work, de Forest modified his 
ideas and applied for further United States Letters Patent, 
in the specifications of which great ingenuity of language was 
employed, for the purpose of claiming as new inventions 
instruments substantially identical with that patented by 
Fleming, but represented as the outcome of his Bunsen burner 
experiments. His modifications, such as the use of a telephone 
in series with a source of steady E.M.F., amounted to nothing 
more than the employment of well-known methods available 
to any one. 

4. De Forest did, however, make an improvement of 
value—viz., the three-electrode valve. Nevertheless, this 1s 
not independent of Fleming’s claims in No. 803,684. 

De Forest’s three-electrode valve does not escape infringe- 
ment of Fleming’s claim 37 because the circuit outside the 
vessel is divided into two branches, nor because Fleming’s 
detector of a continuous current was a galvanometer and de 
Forest’s a telephone long well known as an equivalent. 

Hence the final decision was that the claims | and 37 in 
Fleming’s United States valve patent are valid, and were 
infringed by the defendants in the three-electrode valve. 
The defendants’ counterclaim for breaches of his patents 
was dismissed, except for those patents on which judgment 
had been confessed by the plaintiffs. 

It was thus settled by legal decisions in the United States 
that the invention described and claimed in Dr. Lee de Forest’s 
United States Letters Patent No. 879,532 is subject to the 
fundamental United States Patent No. 803,684 granted to 
Dr. John Ambrose Fleming, although the former has inde- 
pendent validity and merit as an improvement on the original 
valve. The Court of Appeal judgment summed up the 
position in its concluding words, as follows : 

“Tt is true that Dr. de Forest through the whole line of 
the counterclaim patents sought after a commercially useful 
detector, and ultimately produced one; but it is not true 
that he consistently followed one concept or theory and tried 
to reduce that to practice. He began with the heated gas 
theory, and he ended with the three-electrode audion employing 
the commercial vacuum, and before he produced that success 
he learned of Fleming’s invention and the latter’s address 
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before the Royal Society. He promptly used the knowledge 
so acquired, and it is the endeavour to connect these differing 
lines of effort and conceal their lack of normal connection 
that has produced the theorising of this record, and also the 
persistent use of the word ‘audion,’ as applied even to the 
earliest of de Forest patents, which are of dates before that 
word was coined. , 

“Among the curiosities of evidence in this record are 
numerous extracts from technical periodicals giving the 
opinions of the authors on the subject-matter of this suit. 
One from The Electrician, of November 21st, 1913, is a just 
comment on the cause: ‘ We think that Dr. de Forest might 
be more generous in his acknowledgment of the work of Dr. 
J. A. Fleming. Our readers, generally, will probably agree 
that the audion, although differing widely from the Fleming 
valve, is an offshoot of it.’ ? 1 

3. The Characteristic Curves of a Three-electrode Valve.— 
Returning, then, to matters more completely scientific, we 
may first discuss the physical operations taking place in the 
three-electrode thermionic detector when used as a receiver 
in wireless telegraphy. Remarks made in connection with 
the two-electrode valve apply also here. If the bulb is very 
highly exhausted the phenomena wholly depend upon 
electronic emission from the heated filament. If, on the 
other hand, the vacuum is not very high, say, not more than 
0-001 mm. or 0-0001 mm., then secondary effects will appear 
due to the ionisation of the residual gas by the ions or electrons 
projected from the incandescent electrode. Considering first 
the case of an extremely high vacuum, we may suppose that 
the three-electrode valve has its plate connected outside the 
bulb with a circuit in which is inserted a telephone in series 
with a primary battery of 30 or 40 cells, the negative terminal 
of the battery being in connection with the bulb filament, 
the latter being rendered incandescent by a separate insulated 
battery of suitable voltage. A current of electrons then flows 
in the bulb from the hot filament to the plate, and this is 
called the plate current. It may be a few microamperes or 
milliamperes in strength. If, then, the grid has a negative 
charge given to it, this will cause it to repel all or some of the 
electrons moving towards the plate, and the plate current 

1 This quotation in the Appeal Court Judgment is from an editoria] 
which appeared in The Electrician, of November 21st, 1913, on the occasion 
of publication of a paper by Dr. Lee de Forest, entitled “The Audion. 
Detector and Amplifier.”” See The Hlectrician, vol. Ixxii., pp. 274, 285, 
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will be diminished or perhaps arrested. If, on the other 
hand, the grid is made positive the addition to the electric 
force in the space between the filament and grid_ will 
accelerate the electrons and the plate current will be 
increased, provided the E.M.F. in the telephone circuit is 
not too high. 

This change in the grid potential relative to the filament 
will cause a change (decrease or increase) in the plate current, 
and if this change is sudden a sound will be heard in a telephone 
receiver included in the plate circuit by an observer. Every- 
thing, then, is determined by the form of the characteristic 
curve plotted in terms of difference of potential of the filament 
and grid as abscisse and plate thermionic current as ordinates. 

* The potential difference 

may conveniently be 

ei reckoned between the 
grid and the negative 

N terminal of the filament. 

Such a curve is de- 

lineated in Fig. 63, and 

S : we see that there is a 

limiting plate current 
which cannot be ex- 
ceeded in any case. 


bs aie This current is reached 
410 “5 3 % 70 += when the rate of de- 
gays Loans bit chloe ed ahah ry - livery of electrons across 

Fic. 63.—Characteristic Curve of a Three- the imterspace Is equal 
Electrode Thermionic Valve. to the rate at which 


they are generated in 
or ejected from the filament, which final or saturation current 
is determined, as we have seen, by the temperature of the 
filament in accordance with Richardson’s formula. 

4, Mode of Operation of the Three-electrode Valve as a 
Detector.—The physical effects were investigated by Mr. 
Edwin H. Armstrong and described in a paper in the Elec- 
trical World of New York for December 12th, 1914, entitled, 
“ Operating Features of the Audion,;’ also in a paper by the 
same author in the Proceedings of the Institute of Radio- 
Engineers of New York, U.S.A., vol. i., p. 215, September, 
1915, entitled, “ The Audion as Detector and Amplifier.” 

The plotting of the characteristic curve was conducted by 
the scheme of circuits shown in Fig. 64, where B, is the filament- 
heating battery, B, the boosting battery, and B, a potentio- 
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meter battery. P is a potentiometer wire with shifting 
contact, and A is an ammeter for measuring the thermionic 
current. The potentials and current were also delineated by 
an oscillograph. 

The variation of grid potential and plate current are approxi- 
mately as represented in the curve in Fig. 63, which shows 
the manner in which the plate current varies as the grid 
potential is made + or — to a certain degree, 

The three-electrode valve can be used either as a simple 
rectifier or detector in radiotelegraphic work or as a repeater 
or amplifier by which variations of one current or potential 
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Fic. 64.—Scheme of Circuit for delineating the Characteristic Curve of 
a Three-electrode Valve. (E. H. Armstrong.) 


are made to repeat themselves in another current. It is 
also possible to amplify the scale whilst preserving the same 
wave form in the variations. 

In using the valve as a detector one scheme of connections 
given by E. H. Armstrong is as shown in F ig. 65. 

When a train of high-frequency oscillations is impressed 
on the grid it causes corresponding high-frequency variations 
in the continuous current due to the E.M.F. of the battery 
B, flowing in the plate circuit. If, however, we fix the 
potential of the grid by the potentiometer slider P so as to be 
near the point M at the lower bend of the characteristic curve 
(see Hig. 63), then the grid has a steady negative potential 
superimposed upon the periodic variations, and this implies 
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that in the plate circuit the positive wave amplitude exceeds 
the negative. If the telephone, 7 (see Fig. 65), 1s shunted 


| 


Fic. 65.—Scheme of Connections for using the Three-electrode Valve as 
a Simple Oscillation Detector. (KE. H. Armstrong.) 


by a condenser, C,, to pass this high-frequency current, the - 
condenser becomes charged positively on the side connected 
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Fic. 66.—Diagram of Current and Potential Variations in various parts 
of the Receiving Circuits in Fig. 65, (E. H. Armstrong.) 


to the battery, B,. It then discharges periodically through 
the telephone at a frequency depending on the constants of 
the circuit and gives rise to a sound in the telephone which, 
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when regularly repeated, results in a musical note. This 
discharge is in the same direction through the telephone ag 
the steady plate current from battery, By, and constitutes 
an increase in it. The currents in the several circuits were 
represented by Armstrong diagrammatically as in Vig. 66, and 
he confirmed the truth of this predetermination by oscillograms 
taken with relatively low-frequency oscillations. 

If the potential of the grid is adjusted to the upper point, 
N, on the characteristic curve the fundamental action will 
be the same, but the effect of the high-frequency oscillations 
in the grid circuit on the plate current will be reversed and 
the periodic discharges of the condenser, C,, through the 
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Fic. 67.—Mode of employing a Three-electrode Valve as a Detector in 
Radiotelegraphy, making use of the valve action between the hot 
and cold electrodes and of the amplifying as well as rectifying 
powers. 
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telephone will be in the direction of a reduction of the normal 
steady plate current through them. 

We may also use the “valve” or rectifying action in 
another way. We connect up as shown in Fig. 67. A con- 
denser, (,, is inserted between the grid and the receiver circuit, 
U, L, to prevent the passage of a steady current. 

When oscillations are set up in the receiving circuit they 
are rectified in virtue of the unilateral conductivity of the 
space between the filament and the grid, and the side of the 
condenser, C’,, attached to the grid becomes charged negatively, 
and the grid is therefore brought to a negative potential. 
This charge repels or hinders the electron flow from the fila- 
ment to the plate, and hence reduces the current through the 
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telephone, thus producing a sound. Armstrong gave the 
conventional diagram in Fig. 68 to explain the action and 
confirmed it by oscillographs taken with low-frequency 
currents. For this mode of connection to be effective in 
detecting damped oscillations in intermittent trains, it 1s 
necessary that the charge in the condenser, Cy, should be able 
to leak away between the arrival of each wave train. The 
condenser must therefore have a high resistance of 1 to 5 
megohms shunted across its terminals. This is called a grid 
leak. 

It may be observed, moreover, that it is not good practice 
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Fic. 68.—Method of delineating the Variations of Grid Potential, 
Plate, and Telephone Currents in the Detector Connections shown 
in Fig. 67. (E. H. Armstrong.) 


to insert the telephone directly in the plate circuit. It is 
better to insert one coil of an oscillation transformer in that 
circuit and to connect the telephone to the secondary of that 
circuit. We can then also insert, if need be, a shunted con- 
denser in the plate circuit to give a definite natural frequency. 

In addition to using the three-electrode valve as a detector, 
in which it acts in virtue of the rectifying or “‘ valve ” action, 
we can use it as an amplifier or repeater of current variation, 
in consequence of the fact that the variation of plate current 
follows exactly those of grid potential. This depends essentially 
upon the form of the characteristic curve. If the central 
portion of that curve is steep or nearly vertical this imphes 
that a small variation in the grid potential will make a large 
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change in the plate current, and this is generally called the 
amplifying or relay action. 

If 7 is the thermionic current to the plate and v is the 
potential of the grid, then di/dv is a measure of the rate of 
change of plate current for a small variation of grid potential. 
If we express by (di/dv),_9, this value at the time when the 
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Grid potential. 


Fic. 69.—Characteristic Curves of High Vacuum Three-electrode 
Thermionic Valve Detector, called a small Pliotron. 


grid potential is not raised or lowered by any external E.M.F., 
then this last expression gives us a measure of the amplifying 
power for small grid voltage variations. 

In extremely high vacuum bulbs the central part of the 
characteristic curve is nearly a straight line (see Fig. 69) at 
the point of zero potential of the grid, but its slope may be 
altered considerably by even a very small amount of residual 


gas in the bulb. 


122 THE THERMIONIC VALVE 


It seems clear, however, that in three-electrode valves as 
sometimes made, with not excessively high vacua—that is, 
not exceeding 0-00001 mm. or, perhaps, under 0-000001 mm.— 
the amplifying action is to some extent dependent upon 
ionisation of the extremely small amount of residual gas. This 
ionisation is due to the bombardment of residual gas molecules 
by the electrons emitted from the incandescent cathode. The 
positive ions so produced reduce what has been called the 
space charge of negative ions or electrons. If then a small 
positive potential is applied to the grid the velocity of the 
electrons is somewhat increased and more gas ionisation takes 
place. A slight amount of ionisation brought about in this 
way very greatly reduces the space charge, and hence increases 
the negative current which can flow from the filament to the 
plate anode under a given external E.M.F., and the amplifying © 
action may be increased over and above that which would 
take place if no residual gas were present. The practical 
difficulty is, however, to manufacture three-electrode valves 
so as to secure identity in behaviour, and this is determined by 
the pressure and nature of the very small amount of residual 
gas in the bulb. 

5. Various Types of Three-electrode Valve.—Before con- 
sidering these matters further it will be best to refer to the 
various modes of construction adopted in making modern 
three-electrode valves for radio-detection and amplification. 

In the construction of these detectors we have to consider 
(1) the ease of manufacture from the maker’s point of view, 
because a valve of any kind is merely a modified incandescent 
electric lamp; (2) freeing the metal plates or grids from 
occluded gases ; and (3) the production and preservation of a 
high or constant vacuum. 

Lee de Forest made his first audions with a flat, narrow 
plate of platinum or other metal placed near to a carbon or 
metal filament loop in a bulb, and between the plate and fila- 
ment fixed a grid or simple zigzag of platinum wire (see Fig. 61). 
This form is comparatively easy to construct because the loop 
filament, whether carbon or metal, can be fitted to a glass tube 
stem down which the wires connected to the ends of the fila- 
ment pass, and the plate and grid can be carried on another 
similar stem and the two sealed into opposite ends of a glass 
bulb to which is attached a side tube for exhausting. 

It is possible to make the stem carry two plates and two 
grids, so that when fixed in position the loop filament stands 
midway between the two grids. 
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In the majority of present-day detecting or amplifying 
valves, the usual method of construction is to give the “ grid ” 
the form of a spiral of wire the turns of which are more or less 
open. Outside this spiral, but not touching it, is a cylinder of 
thin metal, say nickel, and the cylinder and spiral must be 
carried on wire supports which can be sealed into a bulb. 
Platinum wires welded to the cylinder and the spiral are sealed 
through the bulb wall and give the required connection. The 
filament, whether metal 
or carbon, can be carried 
on a stem which is 
sealed into the bulb so 
that the filament is in 
the axis of the spiral. 
The spiral then forms the 
“grid” and the cylinder 
the “ plate ”’ (see Fig. 70). 
The author made and - 
used this type of three- 
electrode valve about 
1914. 

A type of cylinder and 
spiral grid valve very 
widely employed as a 
detecting and amplifying 
valve is one inwhichthe 
plate is in the form of a . 
cylinder and the grid in | | 
the form of a spiral 
wire which surrounds a 
straight filamentofdrawn 16. 70.—Spiral and Cylinder Three-elec- 


: : trode Receiving or R-Valve. 
tungsten wire and is : 
f The spiral embraces without touching the 
itself surrounded by a loop filament and the cylinder embraces 
cylinder of nickel which without touching the spiral. 


forms the anode. The ) 

connections to the grid and cylinder and the terminals of the 
filament are sealed through the top of an inset tube, and 
wires are brought down-to connect to four pins in an insu- 
lating collar round the base of the lamp (see Fig. 70). 

The pins are set at such distances that it is impossible to 
make the connections of grid, plate and filament erroneously 
in plugging the valve into a socket. 

This type of valve with pin connections so arranged as to 

plug into holes in a corresponding socket was patented in 


? 
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France on October 23rd, 1915, by MM. M. Péri and J. Biguet, 
and is therefore sometimes called the “French” valve. The 
equivalent British Patent Specification is No. 126,658, applied 
for October 23rd, 1916. It is also called an R- valve, 

In some patterns of this valve the bulb is spherical and the 


Fic. 71.—A Type of Three-electrode Thermionic Valve, much used 
in the United States by the Radio-Corporation of America. 


axis of the cylinder anode is set horizontal. In other cases the © 
bulb is tubular and the axis of the cylinder set vertical (see 
Fig. 71). This last is a very common form of construction 1 in 
the United States of America. 

A tubular form of valve is much employed by Maotie 
Wireless Telegraph Co., Ltd., in which the filament is placed 
in the axis of the tube, its ends connected to little brass conical 
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caps at the two extremities. A grid formed of a spiral wire 
or else of a metal gauze cylinder and a metal cylindrical anode 
outside it, enclose the filament and are welded to separate 

latinum wires which are sealed through the walls of the glass 
tube ; and the outer ends connected to two other brass caps 


ie : 


Fic. 724.—A Tubular Three-elec- Fie. 728.—A Tubular Three- 
trode Valve made by the Mar- electrode Valve made by the 
coni-Osram Valve Company, Marconi-Osram Valve Com- 
called a Q-valve, used chiefly pany, called a V-24 valve and 
as a rectifying or detecting used as high- or low-frequency 
valve in amplifiers, using V-24 ‘ amplifiers in cascade. 


valves in cascade. 


(see Fig. 72). The valve is held in four springy brass clips by 
which all the electric connections are made. 

A type of hard three-electrode valve has been devised by 
the General Electric Company of America to which the name 
of pliotron has been given. It is made as follows : 

The incandescent electrode consists of drawn tungsten wire 
in a loop form, the end of the loop being held on a hook so 
that it cannot be displaced to touch the grid by electrostatic 
attraction. The grid consists of fine tungsten wire, 0-01 mm. 
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in diameter wound on a frame of glass or silica, on both 
sides of the loop filament, the turns. of wire being very 
close. 

The anode electrode consists either of two tungsten plates 
on the outside of the grid or a second frame with closely- 
wound tungsten wire (see Fig. 73). By making the grid of 
close turns a very small negative potential of it suffices to 
reduce the plate current nearly to zero. In other words, by 
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Fie. 73.—High Vacuum Thermionic Amplifier, called a small Pliotron, 
made by the General Electric Company of U.S.A. 


making the grid of very fine wires, with fine interspaces, the 
amplifying action is increased, whereas if the grid is of coarse 
wire and with open spaces the magnifying operation is much 
reduced in scale. With properly designed grids it becomes 
possible to control large amounts of energy in: the plate 
circuit by very small amounts of energy given to the 
orid. 

In a paper on “The Pure Electron Discharge and Its 
Application in Radiotelegraphy and Telephony,’ Irving 
Langmuir has given descriptions of two types of this three- 
electrode amplifier or so-called pliotron, as made by the 
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General Electric Company of America. These are called 
respectively the small and the large pliotron (see Figs. 73 
and 74), the former being adapted for use as a radiotelegraphic 
receiver and the latter as an amplifier for controlling power 
up to | kilowatt of power. 

The same precautions and 
methods are employed in highly 
exhausting these bulbs as in 
the case of the kenotrons, or 
two-electrode valves, described 
in Chapter II., made by the 
General Electric Company of 
America. The vacuum obtained 
must be of the order of one 
hundred-millionth of a milli- 
metre, and especial precautions 
taken by heating the grid, plate 
and filament to expel every 
trace of occluded gas. When 
these methods are followed, 
instruments are produced which 
have identical characteristic 
curves, because they depend 
for operation upon pure electron 
discharge and not upon any 
accident of ionisation of residual 
gas. 

In Fig. 75 is given the charac- 
teristic curve of such a large 
photron, showing the plate 
current in terms of grid poten- 
tial plus or minus. 

Dr. Irving Langmuir states, 
loc. cit., that with considerable 
accuracy the plate or anode Fic. Mra ane A oe 
current 4 can be expressed by Bye ompier, ey 
the formula 1 = A (V,-+ kV,)3, 
where A is some constant and k also a constant depending 
upon the relative shapes and positions of the electrodes and 
V, 1s the voltage on the anode or plate and V, the voltage on 
the grid. 

It was found by Mr. W. C. White that the sensitiveness of 


"See Proceedings of the Institute of Radio Engineers, vol. iii., p. 276, 
September, 1915. 
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this pliotron as a radiotelegraphic detector is icreased by 
placing in the bulb a small quantity of an amalgam of mercury 
and silver. 

A matter of fundamental importance in the construction 
of a thermionic valve is the material employed for the incan- 
descent electrode. 

In the earliest types of rectifying valve this was a carbon 
filament, as used in incandescent lamps of that date, but this 
was soon replaced by drawn tungsten wire. The melting 
point of tungsten is 3,267° C., and it admits of being worked 


CURRENT TO PLATE (MI/LLIAMPERES) 
0 50 /00 I$ 


0 
RR az NS See SS bi ek cal 
PEA 


% 
S 


RR 
Sha teivioh delete 
wigs 


Sa Soa 
INES BS 
GEe 
AN 
\ 
PS aha a ac | Stl eel 


4 


as 
is 
i 
faced Es. [eae es Zeca] 
Pil ie eRe 
SOY ake eee] aaa 
Te Pe ee 
Re sler heap feels hepa aU hes] 
Moe Saas! 
| ad tend 


—o— 


-400 


Fic. 75.—Part of Characteristic Curve of large Pliotron. 


at a temperature of 2,200° to 2,500° C. without risk of fusion. 
At this last temperature the thermionic emission at saturation 
may rise to about 1 ampere per square centimetre of heated 
surface. 

As mentioned in Chapter’ I., Wehnelt, in Germany, had 
discovered in 1903 or 1904 that a platinum wire coated with 
lime gave an increased thermionic emission as compared with 
the uncoated metal, and in 1905 he applied for a German 
patent, No. 157,845, for employing such coated wire as the 
incandescent electrode in a thermionic valve. 

It was before long found that not only oxide of calctum 
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(lime), but also the oxides of barium and strontium, produced 
the same effect, even better than lime. 


The difficulty, however, 
was to make the oxide 
coating sufficiently ad- 
herent to enable a valve 
made with an oxide-coated 
filament to withstand or- 
dinary commercial hand- 
ling. 

The early attempts at 
the production of thermi- 
onic valves with oxide- 
coated filaments were not 
very successful. 

A three-electrode ampli- 
fying valve was described 
and patented in 1911 by 
Lieben, Reisz and Strauss, 
Austrian electrical en- 
gineers.! In this valve 
they made use of Weh- 
nelt's above - mentioned 
discovery. Their cathode 
or hot filament is made 
of a strip of platinum 
covered with a thin layer 
of lime. This is given 
the form of a zig-zag and 
is fixed at one end of a 
bulb (see Fig. 77), where 
K is this Wehnelt cathode, 
consisting of a platinum 
strip 1 metre long, 1 mm. 
wide and 0-02 mm. thick. 
It is wound on a glass 
frame and can be brought 
to a bright red heat ata 
temperature of 1,000° C. 


Fic. 76.—Lieben-Reisz Thermionic Relay, 
with Wehnelt oxide-coated cathode. 


by passing through it the current from a battery of 30 volts. 


1 See British Patent Specification of Lieben, Reisz, and Strauss, No. 1,482 
of 1911; also No. 2,111 of 1911; also The Electrician, vol. lxxii., p. 726 


(1914), for article by E. Reisz, 


Currents.’’ 
T.Y. 


““A New Method of Magnifying Electric 
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The bulb is slightly contracted above the cathode, and a grid, 
(7, is fixed across it, and beyond that a twisted wire anode, A. 
The general appearance of the bulb is shown in Fig. 76. The 
bulb was mounted on a box which contained all the circuits 
and connections. The current to be magnified is passed 
through the primary circuit of a transformer, 7, (see Fig. 77), 
the secondary terminals of which are connected to the grid, G, 
and a sliding contact on a potentiometer wire, c, which is 
placed across the ends of a section of the battery. This 
battery also sends a thermionic current from the cathode to 
the anode, and it passes through a transformer, 7,, from 
which the magnified current is drawn off, and through a 


J hh aa 4 Pee 4 
30veolts 
220 volts 


Fic. 77.—Perspective view of Lieben-Reisz Thermionic Relay. 


resistance, R, shunted by a condenser, C. The full voltage 
operating on the Jast-named circuit 1s 220 volts. 

It will be seen that the variations of potential produced 
on the grid by the transformation of the feeble current are 
reflected in variations of the thermionic current passing to 
the anode. The fluctuating part of this current is separated 
out from the steady part by the transformer, 7, and the 
condenser, C, shunting the resistance, R, is necessary to 
pass this variation of current. 

It has been maintained by Eugen Reisz in a letter to The 
Electrician, vol. Ixxiu., p. 538, July 3rd, 1914, that the above- — 
described. Lieben-Reisz-Strauss relay operates on a principle 
different from that of the audion of Lee de Forest. 

Reisz traces back the origin of the Lieben-Reisz relay to an 
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invention of Robert von Lieben, described in a German 
patent specification, No. 179,807, of March 4th, 1906, called 
a kathoden strahlen relais (cathode ray relay). In this a glass 
evacuated tube had a Wehnelt oxide-covered curved cathode so 
arranged as to project a cathode beam into a Faraday cylinder 
and collect the charge and transmit the resulting current 
through any external telephone or current-detecting instru- 
ment. This cathode ray could be deflected so as not to enter 
the Faraday cylinder by an external electromagnet, or by 
electrostatic deflecting plates placed inside or outside the 
vacuum tube. The variation of current through this magnet 
was then repeated by the variation in the current drawn from 
the Faraday cylinder. There is, however, in this case no 
grid or second anode, and the claim made by E. Reisz for 
this cathode ray relay as the progenitor of the modern three- 
electrode valve cannot be admitted, nor is it likely it would 
be sustained by any competent legal authority. 

The inventors of it subsequently abandoned the cathode 
ray tube and constructed a true three-electrode valve as 
above described. The difficulties with early forms of this 
Lieben relay were the result of a low vacuum and resulting 
lonisation giving rise to great differences in action and requiring 
frequent adjustments of grid potential and thermionic current. 
Hence, later on, the bulbs were evacuated more highly and a 
small quantity of a mercury amalgam introduced into the 
bulb to provide a source of ionisation in the mercury vapour. 
With these new conditions the valves keep more constant 
in action and the inventors claim for them a life of 1,000 to 
3,690 hours. They state that a magnification of thirty-three 
times is obtained with this gas relay and that, using four such 
relays in cascade, alternating currents of frequencies from 
2,000 to 8,000 have been magnified 20,000 times with perfect 
preservation of wave form. 

The production of oxide-coated filaments for thermionic 
valves has been particularly studied and perfected in the 
research laboratories of the American Telephone and Telegraph 
and the Western Electric Companies in the United States.1 

The above-mentioned investigators found that the best 
form of support was a platinum-iridium wire containing about 
6 per cent. of iridium and the other usual impurities in the 
commercial alloy. This was rolled into a ribbon andthe 
latter twisted to secure better mechanical structure.1 


1 See H. D. Arnold, ‘“‘ Phenomena in Oxide-coated Filament Electron 
Tubes,” The Physical Review, vol. xvi., J uly, 1920, p. 72. 
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The choice of oxides for coating 1s in practice those of barium, 
strontium, and calcium, barium being the most active ther- 
mionically. But it is difficult to work with barium oxide 
alone. It was found that a better result was obtained with 
a mixture of barium carbonate and strontium carbonates 
applied alternately. The carbonates are mixed with resin 
or paraffin to act as a carrier, and four applications of the 
mixture are painted on to the wire. After each application 
the wire is raised for an instant to 1,000° C., which burns 
off the carrier. After sixteen applications, eight of each of 
the two carbonates alternately with such heating, there 
remains on the wire a fairly heavy coating of a closely 
adherent mixture of BaO and SrO from 2 to 3 milligrams 
per square centimetre of surface. This treated filament can 
be handled and stored without injury as long as it is not 
exposed to moisture or carbonic dioxide (CO,). 

Thermionic. valves have been manufactured in enormous 
numbers containing these so-called. Wehnelt filaments or 
cathodes. 

When the coated wire is brought to a condition of incandes- 
cence in a vacuum by passing through it an electric current 
sufficient to heat it not much above a red heat, or near to 
700° C. or 800° C., it gives a copious evolution of electrons. 

The advantage of the oxide-coated filament is that it gives 
a larger thermionic current reckoned in milliamperes per 
square centimetre of filament surface, for a given power 
expenditure in the filament reckoned in watts per square 
centimetre of surface than does a bare, drawn tungsten wire. 

The disadvantage of the coated filament is that it gives a 
less robust cathode, and one liable to deterioration. during 
the life of the valve. 

Moreover, the tungsten wire produces a “ clean-up ”’ effect ; 
that means to say, it gradually absorbs residual gas in the bulb 
during use, and so tends to keep the vacuum high or the tube 
hard. The oxide-coated filament, on the other hand, works 
at a much lower temperature, viz., about 800° C. as against 
a working temperature of nearly 2,000° C. for the tungsten 
wire, and this has certain advantages as regards life in many 
cases. | 

The action of the oxide in thus increasing the thermionic 
emission is not yet thoroughly understood. The electrons 
do not appear to be liberated from the oxide itself, but the 
latter facilitates the escape of them from the metal. This is 
proved by the fact that certain oxide-coated thermionic 
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filaments having run in vacuo for 20,000 hours in the incan- 
descent condition were found to have emitted a total mass of 
electrons fifteen times greater than the mass of the coating 
and were still active emitters. 

It has been found that the admixture of thorium with the 
tungsten usually employed for the filament wire results in 
greater electron emission at a given temperature, and filaments 
of this material prepared in various ways are called 
“ thoriated ” filaments. Their properties were studied by 
Dr. Langmuir in 1914. 

The advantages of thorium may perhaps be due to its 
bemg one of the highly radioactive metals. This is seen 
from a comparison of the Richardson constants for different 
materials, 

We have seen that in a high vacuum there is a definite 
relation between the thermionic saturation current reckoned in 
amperes per square centimetre (J,), and the number of electrons 
per square centimetre per second emitted from the filament 
at an absolute temperature, T°, which is given by the Richard- 
son formula 


L=AVT". 


In this formula 6 is a quantity of the nature of an absolute 
temperature, and A of the nature of a current density in 
amperes per square centimetre. The constants A and b for 
various materials are as follows :— 


Material. = aevete b abs. temp. 
2) ie 
Thorium : ; . : oh 20 x 107 oo 2x 10" 
Tungsten. ; : : aul ne GOP LOS 5:25 x 107 
Molybdenum. Mie wanre LO.4 20; x 107 
Tantalum f P ‘ le 104 5-0 x 107 
Carbon : . F 3 : 0:24 x 107 4:87 x 107 
Platinum-iridium coated with oxides 


of barium and strontium - | (8—24) x 107 | (1-94—2-38) x 107 


| 
| 


It will be seen how copious is the emissive power of thorium. 

The above figures show that the electron emission of 
tungsten per square centimetre at 2,500° absolute is about 
the same as that of the oxide-coated metal at 1,600° absolute, 
but that at 2,500° the emission of thorium is 1,000 times greater 
than that of tungsten. *Hence, we see the advantage of 
thoriation, ) 
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It is preferable, however, to take advantage of the greater 
emission of thoriated filaments to work them at a lower 
temperature so as to secure a longer filament life. 

Filaments worked at low red heat are generally called 
“ dull emitters.” | 

In the preparation of these filaments special processes are 
required.. When a tungsten filament which has been coated 
with thorium oxide is heated to 2,600° or so, a chemical 
reaction takes place resulting in the formation of metallic 
thorium, which remains in solution in the tungsten. IH, 
then, the temperature is lowered to 2,000°, thorium atoms 
diffuse outwards and form a film on the surface of the wire. 

This film of thorium, like the oxides of earthy metals, 
reduces the work which has to be done by an electron in 
escaping from the surface, and increases the number escaping 
at a temperature of about 2,000° to 2,500° in the ratio of 
100,000 to 1, or otherwise lowers the working temperature 
for the same emission. 

For example, a tungsten filament in an ordinary receiving 
valve requires a working voltage of 4 volts, takes a current of 
0-7 ampere, and absorbs a power of 2-8 watts. 

On the other hand, a thoriated filament. of the same dimen- 
sions would require only 1-6 working volts, take a current of 
(0-36 ampere, and absorb power of 0-58 watt to give the same 
emission. Owing to its electropositive nature and consequent 
great affinity for oxygen the thorium film is very quickly 
oxidised and destroyed in a poor vacuum. Hence, in the 
manufacture of “ dull emitters,” it is necessary to exhaust the 
bulb to a very high degree, but this’can be done with modern 
appliances so as to give well-made dull emitting valves a life 
of as much as 5,000 hours. 3 

6. Production of Plate Voltage for Three-electrode Valves.— 
In whatever form it is constructed the operation of the three- 
electrode valve requires that the anode cylinder should be 
kept at a high positive potential with respect to the filament 
by means of some source of electromotive force commonly 
called the plate battery. When the filament is incandescent, 
negative electrons are liberated from it copiously, and these 
are attracted to the anode and form the plate current of the 
tube. 

These electrons have to pass through the apertures in the 
grid, and an important constructional factor is the size of these 
grid apertures. If, then, the grid isgiven a negative potential 
with respect to the filament, the electron plate current will be 
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reduced. If the grid has a positive potential, the plate current 
_ will be increased. The curve which delineates the relation of 
plate current and grid potential is called the grid-plate charac- 
teristic curve, and is a curve with a nearly straight middle 
portion, and curved over ends, as shown in Fig. 63 of this 
chapter, which are nearly semi-parabolas in form. 

There are three purposes for which such a grid-plate valve 
can be employed in radiotelegraphy and telephony. First, as 
a simple detector of electric oscillations; secondly, as an 
amplifier or relay ; and thirdly, as a generator or producer of 
electric oscillations. 

The particular modes of connection and use for these pur- 
poses are more particularly de- 
scribed in Chapters VI. and VII. of 
this book. The methods of use of 
the valve as a detector have already 
been briefly described, and_ its 
operation: as a relay and amplifier 
and also as a generator of oscilla- 
tions is described in detail in 
the chapters above mentioned. 

7. Four-electrode Valves.—There 
are some other types of thermionic 
valves which are capable of acting 
as relays, one of which is a four- 
electrode valve devised by the 
author. 

The construction of this valve is 
as follows :— : ; 

In a glass bulb, about 3 in. in Hae Bde i eee 
diameter, there is a rather wide 
inset tube (see Fig. 78) through the pinch or inset-sealed end 
of which pass five platinum wires.! 

Five copper-wire leads pass down the inset tube and ter- 
minate in five pins set in the insulating base of a nickel 
collar. 

One pair of these wires form the lead and return of a straight 
vertical tungsten filament about 14 in. long. This filament is 
kept tight and straight by a small spiral spring, S, attached to 
its upper end and to the vertical lead wire (see Fig. 78). The 
object of this spring is to take up the slack of the tungsten 


1 See J. A. Fleming British patent specification No. 149,422 of May 12, 
1919. See also The Wireless World, December 25th, 1920, and January 8th, 
1921; also The Radio Review, January, 1921, p. 38. 
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wire as it expands when rendered incandescent and keep it 
quite straight at all temperatures. 

This filament is rendered incandescent by about 8 volts, 
and takes about 0-85 ampere to bring it to bright incan- 
descence. 

Around this filament are arranged four narrow curved 
nickel plates about 14 in. long and } in. wide, slightly curved 
about their long axis and set with convex faces towards the 
filament and 2 or 3 mm. from it (see Fig. 79). 

One pair of these plates, 
P,, P,, on opposite sides of 
the filament are carried on 
separate wires sealed through 
the “pinch.” These are 
called the potential plates. 
They are connected to one 
pair of pims on the collar 
base. The other pair of plates 
are connected together, and 
both connected to the fifth 
fafa inset wire. These plates are 

called the collecting plates. 
am oe The bulb is exhausted, and 

Fic. 79.—Cross-section of Fleming the electrodes freed from 

Four-electrode Valve. . 
gases in the usual manner 
employed in making “hard” valves. 

If, then, the filament is incandesced by the proper voltage, 
using, say, 6 storage cells and a sliding rheostat in series, and if 
the terminal of the collecting plates is connected by an external 
circuit with the positive terminal of the filament, we find the 
ordinary thermionic current flowing through this circuit as in 
the “‘ Edison effect ’’ experiment. 

This current may vary from 150 to 400 microamperes or so, 
depending upon the exact position of the collecting plates. In 
making these valves, great care must be taken to place the 
- four metal plates symmetrically round the filament, and at 
equal distances and with the convex surface not more than 
2 or 3 mm. from the filament at their nearest point. 

Also it is convenient to mount each valve on a baseboard 
with five terminal screws marked + F, — F, P,, P,, and C, 
for the filament, potential plates and collecting plates respec- 
tively. ® 

Let us assume, then, that the filament is incandescent and 
that a galvanometer is placed in the external circuit con- 
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necting C with + F, and that we find a thermionic current, 
say, of 150 to 200 microamperes. 

The peculiar property of this thermionic detector is that if 
a small difference of potential, whether high frequency, low 
frequency, or steady, 1s created between the plates P, and P,, 
the thermionic current at once falls to an extent determined 
by this potential difference. 

We can therefore describe a characteristic curve by measur- 
ing the thermionic current corresponding to a measured P.D. 
of the potential plates (see Fig. 80). 


CHARACTERISTIC CURVE OF FOUR ELECTRODE VALVE 


eee OINAES AWA 58 GA 7or BS, 9 1910 
POTENTIAL DIFFERENCE OF POTENTIAL PLATES IN VOLTS 
Fic. 80.—Characteristic Curve of Four-electrode Valve. 


If the potential difference of the plates P, and P, is direct, 
and is about equal to that of the filament terminals, the 
thermionic current falls to somewhere near half its value when 
the potential plates are at zero potential. 

If P, is at the positive potential, and P, is negative, the 
characteristic curve will slightly differ from that taken with P, 
negative and P, positive, because the plates can never be set 
at exactly equal distances from the filaments. 

If, an alternating potential 1s employed, the characteristic 
curve takes a midway position. 

The explanation of this effect is as follows :— 

When one of the potential plates is made positive, it attracts 
some of the electrons in the electron stream proceeding to the 
collecting plates, and as the total electronic emission per 
second is chiefly determined by the temperature of the fila- 
ment and is constant, this displacement, of part of the electron 


THERMIONIC CURRENT IN MICROAMPERES 
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stream means a reduction of the thermionic current moving to 
the collecting plates. When the potential plates are subjected 
to a high-frequency electromotive force, the electrons moving 
from the filament are battered to and fro, like lawn tennis balls, 
between them, and as a consequence the thermionic current to 
the collecting plate is reduced to an extent which depends upon 
the ratio of the alternating potential difference to the potential 
drop down the filament. To use this device as a detector in 
wireless telegraphy, we need only connect the potential plates 
to the terminals of the tuning condenser in the closed receiving 
circuit and insert in the external plate-filament circuit of the 
valve some current detecting instrument which will indicate a 
drop in the thermionic current (see Fig. 81). 


i 


| Fig. 81.—Mode of using the Four-electrode Valve as a Detector. 


If we are receiving damped wave trains, a magneto-telephone 
can be employed, and then corresponding to the impact of each 
wave train there is a drop in the thermionic current, and a 
sound in the telephone. | 

So used, the arrangement is about as sensitive as a simple 
crystal detector or two-electrode Fleming valve. We can use 
it with another arrangement which makes it equally receptive 
for damped or undamped waves as follows :— 

If we insert in the plate-filament external circuit an ordinary 
balanced telegraph relay, the thermionic current will hold the 
contacts of this relay closed. If the potential plates are+con- 
nected to the tuning condenser terminals of the receiving 
aerial circuit, then at the impact of each signal, whether dot 
or dash, the potential plates are impressed with an alternating 
high-frequency potential difference. The thermionic current 
therefore drops and the relay contacts open, and remain open 
whilst the signal lasts and close again when it finishes. 

We can make the opening of these relay contacts close 
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another circuit, in which is placed a battery and telegraph 
instrument, whether sounder, inker, syphon recorder, chemical 
recorder, or buzzer. The second relay is made as follows: 
On a board is mounted an electromagnet which attracts an 
armature pulled away by an adjustable spring. The coils 
of this magnet are connected through a few dry cells with the 
contacts of the first relay. To the armature of the second 
relay is attached a thin rod of celluloid tipped with a gold 
wire, which is connected by a fine wire spiral with a terminal. 
This gold wire, when pushed forward by the detachment of 
the armature of the electromagnet, makes contact with an 
adjustable gold plate. 

Hence, the opening of the relay contacts by the drop in 
the thermionic current can be made to close another circuit, 
which actuates a signal-making instrument (see Fig. 82). 


Fig. 82.—A Telegraphic Relay operating by the cessation of a 
current. 


Accordingly, the impact of waves upon the aerial creates a 
difference of potential between the potential plates, and 
operates the above-mentioned appliances and makes a signal, 
no matter whether those waves are damped or undamped. 

It will be evident, then, that what is required to create 
_ sensibility in the arrangement is that the potential difference 
of the potential plates shall be as large as possible. 

We can achieve this to some extent by arranging the 
receiving circuit so that its capacity-is small and inductance 
large, conditionally on their product agreeing with that 
required by the wavelength. 

We can also amplify to some extent by the use of resonance 
spirals, as follows: We connect to the terminals of the 
receiving condenser two spirals of wire consisting of a single 
layer of closely wound turns of silk-covered No. 36 or No. 40 | 
S.W.G. wire on an ebonite rod, and we adjust the length of 
these spirals to resonate to the frequency or wavelength 
employed. We then connect the potential plates of the 
valve to the outer ends of these spirals. The resonance of 
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the spira! will then exalt the potential difference of the 
condenser terminals, and, in fact, amplify it at least in the 
ratio of 1 : 2 or more (see Fig. 83). 


Fic. 83.—The Employment of Resonating Spirals as Amplifiers. 


It is not quite easy to predetermine the length of spiral 
required, because the small capacity of the potential plates 
of the valve virtually increases the resonance length of the 
spiral. | 

We can easily determine a maximum possible length of 
spiral required for any given received wavelength, as 
follows :— 

The velocity with which a wave of potential travels along 
such a spiral is numerically equal to the reciprocal of the 
square root of the product of its capacity and inductance per 
unit of length. | 

Hence, for spirals of the same diameter and wound with the 
same kind of wire in a single layer of closely adjacent turns 
the fundamental resonance frequency is inversely proportional 
to the length of the spiral employed. 

We can determine the resonance frequency of any given 
spiral in the following manner: Set up an oscillation circuit 
consisting of a variable inductance and condenser and spark 
gap. Excite oscillations in it in the usual way by means of an 
induction coil. Connect one end of the spiral under test to 
one terminal of the condenser, and the other terminal of the 
condenser to a large sheet of zinc placed a couple of feet or so 
away from the spiral. 

Then hold a Neon vacuum tube near the outer end of the 
spiral and adjust the capacity and inductance of the oscillation 
circuit until the brightest glow is secured in the tube when 
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held near the outer end of the spiral. If we take obvious 
precautions to secure that we have excited the fundamental 
oscillation on the spiral and not a higher harmonic, we can 
determine at once by the observed capacity of the condenser 
and inductance associated with it the frequency we are 
employing. Hence, if the measured length of the spiral is 1, 
and its fundamental resonance frequency is n, we know that 
for a different length l’ of the same spiral, the resonance 
frequency will be n’ with the relation J/l’/ = n’/n. 

If we are receiving a wavelength, W metres, then we know 
that its frequency is n’ = 3 x 108/W, and hence we have 
for the equivalent resonance length of the spiral 


£2 ln 
wero 7108 


The best way to determine the true resonance length is 
by trial. If the silk covering of the windings is rubbed off 
along a narrow strip at one end of the spiral we can arrange 
a sliding contact, which alters the effective length of the spiral 
inuse. We can then find by trial what length, when connected 
in between the potential plates and the receiving condenser, 
is most effective in reducing the thermionic current. 

We can also attach to the terminals of the receiving con- 
denser two pairs of such spirals, and connect them to the 
potential plates of two valves worked off one common filament- 
heating battery, both valves sending their thermionic currents 
through the same relay. We can conveniently add an 
additional electromotive force by inserting four or five dry 
cells in series with this relay. 

We can, of course, also amplify the P.D. at the terminals 
of the receiving condenser by means of a cascaded series of 
ordinary three-electrode valves inductively coupled, but then 
we require the high potential plate voltage battery and 
another filament-heating battery, and we make the arrange- 
ment much more complicated. 

It is, however, quite easy to employ two or more of such 
four-electrode valves, each with appropriate resonance spirals 
to receive ordinary, not very feeble, undamped waves, and 
make them operate an ordinary telegraph sounder as signal- 
making instrument. 

In this connection there is one interesting point which 
should be noticed. If we render the filament incandescent, 
as usual, by a few storage cells which are fairly well 
insulated, then, when we connect the collecting plates through 
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a suitable microammeter with the positive terminal of the 
above-named battery we find a current flowing through 
the ammeter, which is the ordinary thermionic or Edison 
current. 

If, then, we connect the terminals of a few cells of another 
battery with the potential plates, this thermionic current is 
instantly reduced to'a much lower value. On disconnecting 
the potential plates the thermionic current does not at once 
rise again to its original value, but returns to it very slowly. 
If, however, we touch with the finger or earth any part of the 
filament circuit the thermionic current jumps up instantly 
to its original full strength. 

The reason of this slow return is probably as follows : 

When one of the potential plates is made positive in potential, 
negative electrons emitted by the filament are drawn to it. 
This, however, leaves the filament and battery positively 
charged unless they are uninsulated. This positive charge 
restrains the emission of more electrons until the positive 
charge has been gradually neutralised by electrons leaking 
into the filament circuit from the earth. 

If the filament is kept earthed, then it can never be positively 
electrified, and the thermionic current returns instantly to its 
original value when the electrification of the potential plates 

is removed. | 
' The moral is that the filament circuit must always be kept 
earthed, in order that the variations of the thermionic current 
may follow instantly on variations in the potential of the 
potential plates. 

By working a number of such valves with filaments in 
parallel off a common filament-heating battery and connecting 
all the collecting plates together and through a common relay 
circuit to the positive terminal of the filament battery, we can 
obtain a fairly large thermionic current of several milliamperes. 
If then we connect the potential plates of all the detectors in 
parallel and to the secondary terminals of a step-up oscillation | 
transformer, a very small alternating or high-frequency current 
passed through the primary coil of the “latter will create a 
difference of potential between all the parts of potential plates 
which will drop down the total thermionic current of all the 
valves by a large percentage. This drop in current may be 
made to operate a suitable relay so as to actua te a telegraphic 
instrument. 

8. Round’s Four-electrode Valve.—Another type of four- 
electrode thermionic valve which bas come into use is the 


THe THREE- AND Four-ELEcTRODE VALVES 143 


invention of Captain H. J. Round.} 
This valve has a tubular bulb, and 
contains a filament, a cylindrical anode, 
and two metal gauze or spiral — wire 
grids one imside the other (see Fig. 84). » 
The filament of tungsten is incandesced 
by current from a 6-volt battery having 
a rheostat in series with it as usual. 
The cylindrical anode or plate is con- 
nected outside the bulb through one 
coil of an oscillation transformer, with 
some point on a potentiometer wire 
which is connected across the ter- 
minals of the filament-heating battery 
(see Fig. 85). 

In this circuit is also inserted one coil of 
an iron core low-frequency transformer. 

The second grid, which is next to the 
anode plate, is connected through a 24- 
volt battery and one circuit of a telephone 
transformer with the filament. The first 
grid is connected through a condenser File one Nee POU RI 
with the receiving circuit. The filament 4,,. Se RAGhde Ronee 
and the two grids therefore form an or- electrode Thermionic 
dinary three-electrode amplifying valve. Valve. 

If damped wave signals come through and vary the potential 


= 
H.F.TRANSFORMER©& 
Se 


ry 
2 
000 
0 


| 
0QQ 
ore 


Q=CONTACTS OF 
WAVE CHANGING 
SWITCH 


POTENTIOMETER 


Fic. 85.—Scheme of Connections for Round’s Four-electrode 
Thermionic Valve as a Detector. 


1 See British Patent Specification No. 159,984 of December 9th, 1919 
=No. 30,843 of 1919, Improvements in thermionic amplifiers and detectors. 
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of the first grid, the result is a similar variation of the current 
in the circuit of the second grid and filament. These current 
variations acting through the high-frequency transformer are 
rectified by the unilateral conductivity of the space between 
the filament and the» plate, as in an ordinary Fleming two- 
electrode valve. These rectified gushes of current then are 
repeated as potential variations of the first grid by the action 
of the iron-core transformer and amplified as audible signals 
in the telephone in the second grid circuit. 


Thee ° 19 13 


Fic. 86.—Majorana’s Four-electrode Valve. 


In this way the four-electrode valve combines the functions 
of a high-frequency or radio-frequency thermionic amplifier 
and a low-frequency or note magnifier as well as rectifier or | 
detector. The high-frequency transformer is arranged in 
sections to suit various wavelengths. 

In conjunction with a suitable tuning circuit, this valve can 
be employed for reception of damped waves from 600 to 3,000 
metres wavelength. : 

When it is desired to use it for continuous wave reception, a 
specially designed local oscillator valve must be associated 
with the receiving aerial to create the usual “ beats.” 

9, Majorana’s Double Grid Valve.—Another type of four- 
electrode valve is due to Q. Majorana.! It comprises a vacuous 
bulb with a filament and anode plate like the ordinary two- 
electrode valve (see Fig. 86). 


1 See British Patent Specification No. 23,024 of October 9th, 1912, 
Improvements in or relating to electric discharge apparatus. 
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Between the filament and the plate is inserted a complex 
grid formed of two separate interlaced grids each connected 
to a separate wire sealed through the bulb. 

The terminals of the receiving circuit are to be connected to 
_ these two grids respectively. In the external circuit of the 
plate and the filament is inserted a plate battery and telephone 
or galvanometer as usual. 

The action of the valve is explained as follows :— 

If variations of potential are imposed on the two grids, a 
varying electrostatic field is created and this disturbs and 
reduces the thermionic current flowing to the plate. The 
author is not aware that this particular form of valve has come 
into practical use, but the specification is one which Patent 
Office examiners usually quote as an anticipation in the case of 


Fic. 87.—A Four-electrode Thermionic Valve operating a 
telegraph relay. 


any subsequent application for any form of four-electrode 
thermionic valve. 

10. Four-electrode Relay Valves.—In an interesting article 
on “Some Uses of Four-Electrode Valves ”’ (see Wireless Review 
and Science Weekly for August 18th, 1923), Commander John 
Slee has given some other designs for four-electrode valves 
containing two anode plates, one grid, and the incandescent 
filament, which can be used for operating relays. Thus, if such 
a valve having one perforated anode plate represented by the 
lower dotted line in Fig. 87, and one solid anode represented by 
the firm line, and one grid represented by the centre dotted line 
is joined up with a relay as shown, then when the grid with 
terminal A is made slightly negative, the high-tension battery 
applied to terminals H.T. and B will send a current through one 
coil of the relay and through the space between the perforated 
anode and filament, and so excite the relay in one direction. 
If, however, the grid is made slightly positive, then the electron 
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stream flows through the first anode and grid, and reaches the 

second anode, and the perforated grid remains at nearly the 

same potential as the filament. Hence the high-tension battery 

sends a current through the other coil of the relay and throws 

over the tongue in the opposite direction. The relation of 

the current to the two anodes to the grid volts is repre- 

sented in the characteristic curve in Fig. 88. 

7 We may quote further 

remarks by Commander 

i a dere i Sea leG ROD other types of 

CURRENT four-electrode valves as 
follows :— | 

Another method of 

achieving a similar result 

is to use a four-electrode 

valve having one grid and 

~ nner ANope ¢WO anodes, the grid being 

f CURRENT between the filament and 


MILLIAMPS 


Gnibevotre the inner anode, which 
Fic. 88. is of very open con- 
struction. 


The circuit is as shown in Fig. 89. When the grid is slightly 
positive in potential, the electron stream is fairly evenly divided 
between the two ancdes, and both anode currents fall nearly 
to zero when the grid becomes negative. If such a valve is 
joined up to a single-wound relay as shown in Fig. 89, then 
when the grid is positive there is a current flowing through 
the relay winding, 
and when the grid 
becomes negative 
this current will 
drop to nearly zero. 
At the same time 
the outer anode 
current falls, and 
the inductive effect 
of this drop in Fie. 89. 
current through the transformer induces a momentary back 
voltage in the inner anode circuit which accelerates the fall of 
current in the relay winding and thereby sharpens and accen- 
tuates the action of the relay. 

If it is desired to make relays operated by valves in the 
manner outlined in the two preceding paragraphs self-restoring, 
it is usual to arrange so that the tongue of the relay will dis- 
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charge the grid when it moves over from the stop on which it 
rests to the other stop. If the relay is required to remain in 
its new position until restored by some other means the grid 
is insulated. The time taken for the relay to reset itself can be 
adjusted very accurately by varying the resistance through 
which the grid is discharged. 

Another less common method of using a four-electrode valve 
is to employ one containing two grids and one anode, tuning 
the two grid circuits to slightly different frequencies and 
arranging the resistances of the circuits and the reaction so 
that the valve will oscillate at the frequency of one of the grid 
circuits and not at that of the other. In this way the valve 
and its circuits combine the duties of a high-frequency ampli- 
fier and a local oscillator, allowing the amplifier circuits to be 
tuned exactly to the frequency of the desired wave. 

It is also possible to arrange a four-electrode valve having 
two grids with the inner grid slightly positive to the filament 
in such a way that the electron stream behaves as though it 
started from the inner grid, and is controlled only by the 
potential of the outer grid. Such an arrangement avoids the 
troubles which sometimes arise due to the heavy space charge 
in the neighbourhood of the filament in valves in which a 
considerable emission current is used. 


CHAPTER IV. 
Ture THEORY OF THE THERMIONIC VALVE. 


1. The Theory of the Hard Valve.—In considering the mode 
of action of the thermionic valve more in detail we shall limit ° 
our treatment of it, in the first place, to the hard or high vacuum 
valve. It has already been explained that in a high vacuum 
valve the movement of electricity in the bulb consists m a 
motion of electrons ejected from the filament which are drawn 
to the plate. In the case of the low vacuum or soft valve, 
some of the molecules of the residual air in the bulb are ionised 
or broken up by the impact of the electrons thrown off from 
the filament, and this produces an additional supply of negative 
electrons, and also of positive ions. 

It is impossible to regulate the pressure of this residual air 
so exactly in the manufacture of soft valves as to enable a 
number of them to be made with precisely identical charac- 
teristic curves, and therefore with similar electrical qualities. 

On the other hand, hard or high vacuum valves can be 
made practically identical, and the theory of their action is 
more definite and ascertainable. 

9. Definition of a Hard Valve.—The first question which then 
arises is, What is an appropriate definition of a hard valve ? 
One answer to this is that it is one in which the physical 
qualities remain unchanged during use. It is not merely 
sufficient to have a high vacuum at the moment when manu- 
facture is complete. The vacuum must stay high whilst 
the valve is in prolonged use during the whole of its effective 
life. 7 
This implies that the electrodes and filament must be very 
thoroughly purged of all occluded gases, and the adherent 
films of air quite removed from the interior of the glass bulb 
and glass work by the processes described in the next chapter. __ * 
on the construction of modern valves. 

In the next place, a hard valve is one in which the permanent 
vacuum, that is the vacuum when the valve has been in use | 
some little time, is so high that with the working potential cs 
difference between the filament and the plate no sensible : 
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fraction of the current so produced is carried by positive ions 
moving towards the cathode. This point, perhaps, requires 
a little additional explanation. It has been mentioned in 
Chapter I. that the kinetic theory of gases shows that at 
normal pressure (760 mm.) and temperature (0° C.) there are 
probably 2-7 x 1019 molecules of gas per centimetre cube. 
If, then, we make a vacuum of one hundred-millionth of an 
atmosphere, which means that we remove all but about 10-11 
of the molecules, we still have left at least 27 x 101° molecules 
in each centimetre cube of space. Suppose we made the 
pressure still lower, say one thousand-millionth of an atmo- 
sphere, which is rather less than one millionth of a millimetre 
of mercury pressure, then we have still 27 x 10° molecules 
per centimetre cube left. 

This means that there are 3,000 molecules per linear centi- 
metre in this so-called vacuous space, or 300 per linear milli- 
metre. 

Such reduction of pressure can be, and has been, frequently 
obtained and measured by Knudsen’s absolute manometer. 

Hence, we see that in almost the best vacuum attainable 
without extraordinary precautions the number of molecules 
of air or other gas left per linear or per cubic centimetre is 
extremely large. In even a very high vacuum there are 
twenty times more molecules per centimetre cube of space 
than there are at present human beings on the earth. 

Nevertheless, the mean free path of a molecule will be 
increased in the inverse ratio to the reduction of pressure, 
and, as in the case of air molecules at 0° C. and 760 mm. 
pressure, the mean free path or average distance between 
two molecular collisions is about four millionths of an inch, 
the mean free path of a molecule in such high vacuum as we 
have mentioned will be so far increased that collisions between 
gas molecules in any bulb of the size used for valves will be 
very infrequent. 

If, however, a sufficiently large stream of electrons is caused 
to flow through the rarefied gas collisions of electrons and 
gas, molecules will occur, and hence ionisation of gas molecules 
will take place with production of some positive ions by the 
removal of electrons from neutral atoms of the gas, even in 
the best vacua we can produce. 

Suppose that we are employing a thermionic tube with an 
incandescent cathode and cold anode, and that we make a 
certain potential difference between them, a current of electrons 
moves towards the anode, If these electrons ionise by collision 
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any residual gas molecules, then positive ions are set free 
which move towards the cathode and additional negative 
electrons, set free from gaseous atoms, move to the anode. 

We may, then, regard the whole thermionic current as 
made up of two parts, viz., first, of electrons which have 
come out of the hot cathode, and second, electrons correspond- 
ing in electric charge to the positive ions which have come 
out of the residual gas atoms. 

The ratio of the latter current to the first-named might be 
called the conisation fraction because it is small if there is little 
ionisation, and large if there is much. 

It has sometimes been supposed that a thermionic current 
could be composed entirely of electrons coming out of the 
hot cathode, but, from what has been said above, this is clearly 
impossible. There is no such state as an absolutely “ pure ” 
electron discharge any more than there is a “ perfect ’’ vacuum. 
It is all a question of degree. 

The ionisation fraction may be as small as a ten thousandth 
or a hundred thousandth, but it still has a value above zero. 

In evidence given by Professor R. A. Millikan in the 
Patent Interference Suit, No. 40,380, Arnold v. Langmuir, in 


the United States Patent Office, he said: ‘‘ We are never able ~ 


to obtain a sensibly pure electron discharge except under 
conditions in which the number of electrons in the current 
is small. Thus, for example, with a current of 0-1 ampere 
emitted per square centimetre from an incandescent cathode 
in a vacuum of a millionth of a millimetre (roughly a thousand 
millionth of an atmosphere) the number of ions formed per 
second per centimetre of path of the electron is 101%, provided 
such impact results in the formation of an ion. If, however, 
the electron current is small, that is, not a very large number 
emitted per square centimetre per second, then a practically 
pure electron discharge may exist.”’ 

This is proved, as follows : At a gaseous pressure of 0-001 mm. 
the mean free path of an electron moving through the gas 1s 
76 cms., and at 10-° mm. pressure the mean free path is 
7,600 cms. 

This means that if the path of an electron is only | cm. long, 
one out of 7,000 electrons will make a collision with an atom 
in travelling along that centimetre. 

Hence, even in vacua, which are not very low, we may 
obtain a practically pure electron discharge if the thermionic 
electron current is sufficiently small. 

A practical method of determining whether the electron 
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discharge is pure or not, is for the observer to notice whether 
the total current between anode and cathode varies when he 
reduces still more the gaseous pressure without changing the 
potential difference of the anode and cathode. 

The ionisation for constant difference of potential between 
anode and cathode varies as the pressure. Hence, if we reduce 
the pressure of the gas, and find no sensible reduction of the 
current under the above conditions, then we know that ionisa- 
tion is practically absent. 

A discharge can be looked upon as a practically pure electron 
discharge when the number of positive ions formed by the 
collision of electrons with gaseous atoms is, say, one ten- 
thousandth of the number of electrons carrying the current ; 
that is, when the fraction of the total current, due to gaseous 
ionisation, is only 10-4 of that due to the electron stream 
which is passing through the space. 

The presence or absence of this gaseous ionisation can be 
determined by an ionisation manometer, as devised by O. KE. 
Buckley. 

In this manometer three filaments are included in a glass. 
bulb which are separated by a certain distance. These are 
made respectively to act as cathode, anode, and collector of 
positive ions. 

A difference of potential of about 200 volts is created 
between the incandescent filament which acts as cathode, 
and the cold filament which acts as anode. Between these 
two is the third filament which acts as positive ion collector. 
By means of a second battery this is made about 10 volts 
negative in potential compared with the cathode. The 
series with this collector filament is a galvanometer which 
measures the current flowing to the filament. 

If an electron discharge takes place between the cathode 
and anode filaments, and if any gas ionisation is produced, 
the resulting positive ions are attracted to the collector filament 
and cause a current to flow through this galvanometer, which 
current is proportional to the ionisation taking place and to 
the pressure of the gas in the bulb. The absence of any 
sensible current through this galvanometer is a proof that 
ionisation is practically absent. In the gauge, as made by 
O. E. Buckley, the filaments were of platinum wire and the 
filament which acted as cathode was coated with oxide of 
barium or calcium to make it emit electrons when heated. 


1 See Proceedings of the National Academy of Sciences, U.S.A., vol. 2, 
p. 683, December, 1916. 


152 Tue THERMIONIC VALVE 


The ends of all filaments were brought out through the glass 
bulb in which they were contained, so that by making them 
incandescent the occluded gas in them could be removed. 

This bulb is connected by a short tube with the vessel to 
be exhausted, and then when the exhaustion has reached 
about -001 mm. of pressure, the reading of a sensitive galvano- 
meter connected between the anode and collector plate is 
taken. If there is any ionisation going on this galvanometer 
will indicate a current. 

The advantages of this gauge are its great range (10-* to 
10-§ or 10-8 mm.), simplicity of structure, and absence of 
moving parts.! 

3. Relation of Plate Current to Plate Voltage.—There is 

another test for the exis- 
; tence of a pure electron 
discharge in a thermionic 
tube which has been asserted 
as valid by Irving Lang- 
muir, but disputed by other 
physicists. 

Langmuir has contended 
that in a vacuum so high 
that ionisation is absent the 
electron current varies as 
the 1:5 power of the po- 


cathode and anode.? This 

Fie. 90. contention he supported by 

the mathematical treatment 

of a problem which had been previously discussed to some 

extent by C. D. Child in The Physical Review, 1911, vol. xxxii., 

p. 492, and also by H. D. Arnold in a private letter to Professor 
R. A. Millikan on May 5th, 1913. 

The problem these physicists considered was to determine 
theoretically the relation between the electron current and 
the electrode potential difference in a vacuous space in certain 
given cases. In the simplest case consider two very large 
plane sheet electrodes, A, B (see Fig. 90), placed parallel to 


1 For further information on this vacuum gauge the reader may be 
referred to an article by S. Dushman and C. G. Found in The Physical 
Review for January, 1921, p. 7, entitled ‘“‘ Studies with the Ionisation 
Gauge.” 

® See Irving Langmuir “ On the Pure Electron Discharge,” Proc. of the 
Institute of Radio Engineers, U.S.A., September, 1915, vol. iii., p. 269; see 
also The Physical Review, vol. ii., p. 453, 1913. 


tential difference of the. 
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each other and at a distance d apart. Let A be at zero 
potential, and B at posential V. Let v be the potential at a 
point P at distance x from A. Let an electron with charge e 
and mass m be at P. Let its motion be along a line ab, perpen- 
dicular to the surfaces A and B. | 
Then, if we assume that the electrons are copiously supplied 
_by the plate A, but leave it without initial velocity we have for 
each electron the energy equation, 
ferns NG 
ev = 4m () 


dix OT ay 
or dt 5 FY a A ; . - - - (1) 


Let N be the number of electrons in unit volume, and let 
all travel normally to the plate A of area A. Then the electron 


current C = — NAe 
dx C 
or di — =— NdAe : A 3 6 ; Z (2) 


The density of the space charge is Ne = p, and by Poisson’s 
equation, 
eV av BY _ 
TE hye eee 
Since the motion of all the electrons is parallel to the x axis, 
this reduces to, 


— 4p 


d?V 
‘Therefore from equations (1), (2) and (3) we have 
= aU m 4rC 
int Cannes 


The current density is C/A = 7. According we have 


,-d*v #24 wes 
NBs pr rent 4. D6 - ; ° : ‘ (4) 


To solve this differential equation (4) we may proceed as 
follows :— 
Consider the equation 
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where B is some constant, write it in the form 


d?y B 2B nig 
Pa ee ota — = 2B — VY 
dx \ y VARY y dy 
Multiply both sides by rel and we have 
dy dy, , dy _~ dy 
"On daz ad *Y de 
d /dy\2__ d Nae 
¢ to (an) ap SEY 
: dy 2 ee )— 
Therefore (2) =4Bvy 
LY Te As 
or ie 2\/By' 
or ytdy = 2./B dz. 
Integrating again, we have 
: Yi 2V Bu + const. 
or obs SV Be + const. 
2\3 
or —— Ge ) + const. 


If we apply this solution to the equation (4) above, we see 
that it leads to ; 


SGN maa +const. . . (5) 


Since v = 0 when x = 0 and v = V when x = d, we have 
by substitution 


(ie RAN Day exces. 
Ca /o ei - os. 16) 
eta e V3 

or oN ae : é : : 3 (7) 


This is the equation given by Child, Langmuir, and Arnold — 
for the thermionic current density 7 between parallel plates, 
which, as equation (7) shows, is proportional to the 1-5th 
power of the potential difference of, and inversely as the 
square of the distance of, the cathode and anode. 
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A problem more closely in contact with actual practice 1s 
that of a wire emitting electrons placed in the axis of an 
enclosing cylinder. It is required to 
find the relation between the electron 
current and the potential difference of 
the cylinder, O, and the wire, W (see 
Fig. 91). Let e and m, as before, be 
the charge and mass of an electron, 
and v its radial velocity at a point P 
in the space between the cylinder and 


wire at which the potential is V. Fie. 91. 
Then eV = dmv" 

| Deda 
or Os aa Vege t6 a ace eee, oe (8) 


If C is the total electron current per unit length of the 
wire, then 


Geert ae ee eee (9) 


where 7 is the radius vector of the point at which the electron 
velocity 1s Vand p is space charge density, or the quantity of 
electricity per unit volume of the space. 

For such a cylindric space Poisson’s equation takes the form 


dV ela V 
REPORT he ea 
and from equations (8), (9) and (10) we have 
fied oe Neg m 
Hg pala: Se | aa 
ag e Ts zr) 20/3 aden ee 
‘The above differential equation (10) can be written, 
eV dV A 
r ae ee ae VV (11) 
h A =20 m 
where Ree 


The solution applicable in the present case has been given 
by the author as follows : } 

Assume that a solution can be found in the form V = r"¢(y) 
where ¢(y) is some function of r of the form 4(y) = 6™ multi- 
plied by some constant K. 


1 See J. A. Fleming, Radio Review, vol. ii., March, 1921. ‘‘ A Note on the 
Theory of the Thermionic Tube.” 
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That is, assume a solution of the form r"B"K = V, then we 
have to determine the conditions for this to hold good. We 
have in the first place . 

dV /dr = (nr"—1B™ + "mp" 'dB/dr) K. 
Also 7 

2 

r av os (1v — 1)r"—1p™ +- ning oP 


dr dr 


nrmpn—t dp pu lin lay m—2 & 
aye Vv mp dir + 1 mim we 2 


dB 
n+1, m—l oF 
+ r”+1mB 73) K 
| a a 
and —— = Ar ke 
Vie oe 
In order then that 7” may be a factor in the solution, d8/dr 
must contain a factor 1/r and d?8/dr? must contain a factor 1/r?. 
Also B must be zero when r = a, where a is the radius of the 


wire cathode, because this is supposed to be at zero potential. 
Hence, 8 must be a function of r of the form 


v v\? OH Re 
B= log - + dy (10g 4 + a3 (107) + ete. 
(12) 
because this fulfils the above conditions. 
Hence if we write f(r) for rd8/dr and F(r) for r2d#@/dr? and 


substitute in the differential equation (11) the values for 
dV /dr and d?V/dr? already obtained, we have 


Kr" 14 n29™ + (m + 2nm)B"~* f(r) + m(m — 1)B"~ (f(r)? 


n m tates 
mn B™ Rr) sts AB? Tn ot 
In order then that 7” may be a factor in the solution, we 
must have n — 1 = — n/2 or n= 2/3. 


Substituting this in (13) we have 


4 il 
gan-*| ae + 5 male) + mom — WFO) + mB FO} 
— Ag? Kt, 
Hence in order that 8” may be a factor in the solution, we 
must have the contents of the bracket on the left-hand side 
equal to unity, and also m — 2 = — m/2 or m= 4/3. Sub- 
stituting this, we have, ~ 
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“ K(B? + Ye + 3F(n8 + (f)P\ = AK* . . (14) 


We have then to find the conditions which must hold so that 
the contents of the bracket become unity. 
We accordingly substitute in (14) values as follows: Let 


@ = log ~ then 


B=a2+a.e+ a¢?+ aet+etc. . . . .°.-. (15) 
= 721-2a,03 + (2a3+ do”)x4+- (2a,+ 2a.a5)z>-+ etc.. (16) 
iar re = 1-+:2a,% + 3a,27 + 4a,22-+ ete. . . (17) 
ay, = pee (2a,— 1)+ (6a, — 2a,)x-+ (12a,— 3a,)a” 
+ 666.9 2 ~. meat 1S} 
(7f(r) + 388 (r)) = (6a,-++ 4) -+ (1843+ See (36a, -+ aie 
ys (60a, + 16a,)z?-++ etc. . . (19) 


(Uflr) + 3F(r)(B = (6a, + 4)a + (18a + 12a, + 6ag?)a? 
+ ha, + 16a, + 24a,a, + 8a,)x*-+ etc. . (20) 
(f(r) 2= 1+ 4aQx-+ (4a,”-+ 6ag)a? + (844+ 12aQ43)x° + 
rE Cami . (21) 
Adding together (16) (20) and (21), sata Senate in (14), 
we obtain 


-K(1 + (10a, + 4)” + (24a, + 12a, + 10a,” + 1)a? 
+ (44a, + 16a, + 36a,a, + 84,2 + 2a)” + etc. | 


ee A Keay a a ee (2D) 
In order that the function 7"8"K may satisfy the equation 
(11), all the coefficients of @, a”, 2%, etc. in (22) must be Bed 
tively zero, or, 


10a a, = = 
24a, + 12a, + 10a? + 1=0.°. a3 = 57 
44a, + 16a, + 36a,a3 + 18a," + 2a, = 0... ag = — Tah0 
When this is the case, 5 Sige ARS Se Or? Kom (<4) a 


Hence V = (rg): is a solution of (11), or since 
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A= 20,/ 5 we have 


Dai oe AV a 7 
O= 5A aac Ot ees 


As a solution of (11), where 


f & 2 Ge ase all pve 47 ’ 
ie Bee (log 4 T 120 (log Ae 3,300 (log! 2 
PEebee ty pote s ree (3) 
In this last expression 7 is the radius of the apinler anode, 
and a the radius of the wire cathode. 
It is clear that when r= a, 8 = 0 substituting the values of - 
Ay, As, a4, etc. In (16) viz. : 
8? = 2? + Qaox? + (2a, + ag”)x* + (2a, + 2a,a5)x° + etc., 
we have finally, 


103 TMP E21 r\Sie 
el lipase: Papo haiiantd 
B= (log, 4 1— jog + 300 (98 zl) 825 (oe i) 
a ete. ah og ok ae, eee 
If we give various values to r/a and calculate log. 5 " and the 


corresponding values of 6 we find that (* et. to 
unity as 7/a increases from 1 to « , as shown in the table below. 


rla B? | ria Ba 
1 0 6 0-818 
2 0-275 7 0-867 
3 0-512 ns 0-902 
4 0-665 9 0-925 
5 0-755 10 0-940 
0 1-000 


Hence for most thermionic valves comprising a straight 
incandescent tungsten filament, a fraction of a millimetre in 
diameter surrounded by a cylinder anode which may be a 
centimetre or more in diameter, we can state that the total | 
thermionic current for a length / of the filament and cylinder 
is given by 


(feeeee LOE eo ee (26) 
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These quantities, C, V, ve/m, must ‘be in consistent units, 
1.é., all in electrostatic or else electromagnetic measurement. 

If the diameter of the cylinder is large compared with the 
diameter of the wire, as it is in most thermionic tubes, then 
the potential varies rather slowly with the distance from 
the central axis, and we may assume that the potential V 
is a function of the distance 7 of the form V = Br”. If SO, 
then we have V? = Bir"?, and dV /dr = nBr"-1 and dV [dr? — 
n(n — 1) Br"~?, Hence substituting these values in equation 
(10) we have 


i: nee n—2 n— 2\ Ne 

Bir 24 n(n — 1)Br"-2 + nBrn—2\— 90 5 
or Be Nore ee 
2e 


But the last equation can only be satisfied if n = 2/3, and 


hence we must have : Re 20,/ ihe 
; 9 2e 
But B= Vr-*, and therefore 


This agrees with equation (23) when 82 = 1. 

In other words the current varies as the 1-5th power of the 
potential difference of the cylinder and wire. 

Langmuir has given a proof (Phys. Review, 1913, vol. sabe 
p- 456) from general reasoning on the dimensions of the 
quantities concerned, that whatever the form of the cathode 
and anode, the current will always vary as the 1-5th power of 
their potential difference. 

In the above investigations it has been assumed that the 
electrons are emitted from the cathode without any initial 
velocity, which is certainly not true, and also that there is an 
unlimited supply of electrons at the cathode, in other words an 
infinite electron density at the source. This also is not always 
the case. 

The case in which the initial velocity of the electrons leaving 
the cathode is not taken as zero was treated mathematically 
by Sir J. J. Thomson in his book Conduction of Electricity 
through Gases (p. 187, § 106, 1903 edition) many years ago. 

If in Thomson’s equation (3) we put the initial velocity of 
the electron (v,) equal to zero, then it becomes identical with 
our equation (4) above in this chapter. 
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If we take logarithms of both sides of the equation 1 = CV3 
we have log 1 = log C + : log V, which is the equation to a 


straight line, the slope of which is an angle whose tangent is 
1-5 (= 56° 20’), assuming log 7 plotted vertically, and log V 
horizontally. Also log C is the intercept on the vertical axis 
through the origin. 

Langmuir assumed that a logarithmic characteristic line 
which is straight, and has this slope, can only be given by 
a thermionic tube in which there is a pure electron 
discharge. | 

This assumption has been strongly disputed by other 
experts. In the United States Patent Office, Interference Suit 
No. 40,380 (Arnold v. Langmuir), above mentioned, evidence 
was given by Dr. H. J. van der Bijl and by Professor R. A. 
Millikan to show that the 3/2 power law may hold good in a 
thermionic tube not having a very high vacuum, and in which 
there is, therefore, gas ionisation. Also that its fulfilment 
depends quite as much on the form of the electrodes as on the 
degree of vacuum. — 

It is true that a large number of thermionic tubes when 
tested for characteristic curves give a logarithmic charac- 
teristic which is fairly straight and has a slope of nearly 56°, 
but it is contended that this does not prove them necessarily 
to have a high vacuum. 

All the highest experts seem to be agreed that the only 
certain proof that any discharge is a nearly pure electron dis- 
charge is the absence of any current flowing to a negatively 
charged third collector plate placed between cathode and 
anode greater than say 0001 of the electron current from the 
cathode. 

Irving Langmuir claimed to be the original producer of pure 
electron discharges in thermionic tubes, but as a matter of fact, 
such high vacuum thermionic tubes had been made and used 
several years before the date of application for patents by 
Langmuir.? 

4. Theory of the Three-electrode Valve.—We shall in the 
next place consider a little more in detail the general theory 
of the three-electrode valve. In so doing we shall follow the 


1 Some of the first oscillation valves made by the author in the early part 
of 1905 were exhausted by the liquid air and charcoal process of Sir James 
Dewar. The filaments of the valves and the bulbs were heated during 
exhaustion, and valves so made had a vacuum as high as that of any hard 
valves made subsequently to 1913. 
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lines of a discussion first given by M. Marius Latour in a pioneer 
paper. 

As already explained, we have three variables to take into 
account. (i.) The plate current ; (.) the plate or anode 
potential with reference to some point on the filament ; and 
(ii.) the grid potential. We shall neglect for the moment the 
small grid current due to capacity of the grid. 

These three variables may be set off as lengths along three 
rectangular axes and their intersection, therefore, defines a 
surface called a characteristic surface. 

_The intersections of this surface with the co-ordinate planes 
give us lines called characteristic curves. 


Z=px+qy+c 


Fie. 92.—Characteristic Surface of the Hard Three-electrode 
Thermionic Valve. 


The profile or outline of the characteristic surface when cut 
by a series of equidistant planes parallel to one of the co- 
ordinate planes gives us a family of characteristic curves of 
the same type. 

Kach of the variables, plate current, plate voltage, and grid 
voltage may consist of a direct part and an alternating part 
superimposed. No single algebraic expression has yet been 
found, as the equation of the characteristic curve over its 
whole course or of the characteristic surface. The general 
form of that surface is indicated very roughly in Fig. 92, in 
which vertical distances drawn upwards along the axis z 


1 See The Electrician, December Ist, 1916, p. 280, vol. 78, ‘ Theoretical 
Discussion of the Audion.” See also La Lumiere Electrique, 1916. 


Ve M 
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represent the total plate current ip, distances drawn to the 
right and left horizontally along the axis of # represent grid 
potential v,, and distances drawn along the axis of y at right 
angles to the plane xz represent plate potentials Vp. 

A certain limited portion in the middle of this surface is 
nearly plane. 

The equation to a plane surface in terms of three mutually 
rectangular co-ordinates x, y and 2 1s 


2= pet gy Te Sea ee 

where p is the tangent of the angle which the trace of the 
plane on the «z plane makes with the axis of z, and q is the 
tangent of the angle which the trace of the plane on the yz 
plane makes with the axis of y, and c is the mtercept of the i 
plane on the z axis. “4 

If we express these slopes by partial differential coefficients, ; 
we can write the equation in the form 


0z Oz 
2a. ae ee oda ch ie Ce ea 


If we limit our consideration of the characteristic surface of 
the valve to the central plane portion we can write as the 
equation to that part a linear equation of the form (28). 


hy == Gy AOU aC =» she ee me (29) 
where a = 0i,/dvg and b = 0tp/0vp. 

This is the equation given by M. Latour.’ 

The plate current and grid and plate potentials comprise a 
direct or unidirectional portion, and an alternating portion 
which may be either of simple sine curve form or a compound 
curve resolvable into the sum of a number of sine curves. | 

‘Let V be the direct plate voltage, and v4 the alternating part 
(instantaneous value). Then, 


Aig == Vo’ Va baer Lemus: ir ee (30) 
Also let A be the direct current portion of the plate current, 
and i, its alternating part. Then, 
by SEA gy eee cae eons eae ee (31) 
Also the grid may sometimes have a direct voltage com- 
ponent #, and then 
a) i Bib ea: Gace eee st eh GUO Rt (32) 
1 In the first edition of this book, p. 246, the equation (29) was by an 


oversight attributed to G. Vallauri, but the paper of M. Latour (loc. cit.) 
had priority over that of Vallauri. . 
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Inserting these values in the Latour equation, we have 


A =, = aH. + é,) 4+ OV + ta) +c . .. (33) 


But Ae Ut DV oe yee Ee (34) 
Hence, subtracting (21) from (22), we have 
We eae ad eee sae eee ae LAD) 


Consider then the phase relations of the alternating portions 
of the plate current, voltage, and grid voltage. 

Let capital letters denote the maximum values during the 
period of ég, Vg, %q, Wize tH ain Le. 

Let C be the capacity across the ends of the coil of resistance 


Fic. 93.—Scheme of Connections for the production of undamped 
oscillations by a three-electrode valve. 


R and inductance L put in the plate circuit, and let MW be the 
mutual inductance of the plate and grid coil (see Fig, 93). 
Then if 7 is the current (instantaneous value) in the plate 


circuit coil, we have Ri + Ti for the potential fall down the 
coil, and this must equilibrate the plate potential, or 


di 

Ges — (Ri + 1%) Seach Shot (36) 
Also, since M is the mutual inductance of the grid and plate 

cireuits, the E.M-F, set up in the grid circuit is ue an 

(37) 


M 2 


, Sh 2 
. ote Purse 
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Accordingly by substituting of (36) and (37) in (35), we have 
Wee Tu ( a) , 
ig— aM, — b ki + Le ge a (38) 
The coil current i is the vector sum of the total alternating 
plate current 7, and the current into the condenser C, or 


Pa ena pipe an ii be 


Substituting (36) and (39) in (38), we have finally on re- 
arrangement of terms the equation, 


dr (Bae e+ (Lio 
de GL dt Cid ae 

This equation represents an undamped oscillation if the 
coefficient of the second term is zero. 


Hence the condition that self-sustained oscillations shall be 
set up in the circuits of the valve is 


OR = aM Ao. bE = 001 <7 07% a eo 


But a/b =k is the amplification factor and L/b = R, the 
internal resistance of the tube. Hence (41) becomes 


(40) 


CORR; kM bE ESO or <0" Se Se eee 
mack L 


When the second term of (40) is zero, then the frequency of 
the oscillations is given by : 


ibys gl R 
n=en/ ap (1 +R) - Ce 


v 


Equation (43) may be written 
M or ee + ORR) in Mid (ok! 
> 


5. Vector Diagram for Thermionic Oscillator.—We can repre- 
sent the above equations graphically in a vector diagram on the 
usual conventions. Let A represent a line of length (A) drawn 
horizontally to the right, then — A denotes an equal line 


drawn horizontally to the left. Also if 7 = ./ — 1, 7B denotes 
a line of length (B) drawn vertically upwards and — 7B an 


equal line drawn downwards. Also the vector sum of 4 and > 
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jB, viz., A + jB denotes a line of length 1/ A? + B? drawn at 
an angle tan-! 2 to the horizontal. 


Accordingly, if the coil current @ is a simple periodic current 
of frequency n and if p = 27n, then i = I sin pt where I is the 
maximum value of 7, We can then take a horizontal line 
J units in length to denote maximum value of eand. ltt 
rotates round its left-hand extremity, the projections of it on 


Fig. 94.—Vector Diagram for the Oscillating Hard Three-electrode Valve. 


a vertical line through that point will denote the instan- 
taneous values (see Fig. 94). 
Also in the same manner we have 
Va = —(R+ jpL)I and Ey = jpMI 

and I, = 1 — 4p0V g. 
But J, =ak,+bV,. Therefore by substitution 

JPR + jpL)l + I = ajpMI — b(R + jpL)l, 
or equating horizontal and vertical steps respectively, we have 
gn Ch — aM 4+ bL)=0. 4 2 2%. (46) 
pet CU Lecia Mi AON Oe as Re fo AT) 
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or M => (L + ORR) A oh a CR a 35 


1 . R : 
one sais NV OE (1 7" n) tae 
as already obtained above. 

Accordingly we can draw the vector diagram as in Fig. 94. 
In this diagram the line OA denotes J, the maximum value 
of the plate coil current in magnitude and phase, also OB 
— — RI, and OD = — jpLI, and that resultant gives us 
OE — Vz, of the plate potential (alternating maximum). 

At right angles to OH we draw OF. Then OF denotes the 
condenser current (= jpCVq), and the difference of OF and 
OA gives us OG, which is the total plate current a. 

This last is nearly in step with OC, which is the grid voltage 
E, and OC is in the direction of DO produced, and is equal to 
pM. 
eit from the outer end of OG = I, we drop a perpendicular 
GK cutting OF in K, and complete the parallelogram OKGH, 
then OK and OH are the vector components of Iq. 

Hence since I, — aE, + bVa, it follows that OK = bVa, 
and OH —ak,. Therefore b = OK/OE and a = OH/OC. 

In other words, the ratio of magnitudes of OF to OK is the 
internal resistance R; of the tube, and the ratio of magnitudes 
of OH to OC is the value of a. : 

The magnification factor of the valve is 

OH OE 
Mies eek | 

This diagram gives us all the constants of the tube. 

We can discuss in the same manner the valve circuits in 
which the condenser is placed actoss the grid coil. 

Let I be the current in this grid coil, and J, that in the plate 
coil, and let L and L, be the inductances respectively, and M 
their mutual inductance. Also let R and R, be the coil resist- 
ances, and ( the capacity across the grid coil. Then we have 
obviously the equations 


(R + jpL)I — Gy! =p MI, cue 
A . KI : 
(By IPL) JPL et eae meen (51) 


The equation (50) expresses the fact that the grid potential 
or voltage is due to the inductive action of the plate circuit, 
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and the equation (51) the fact that the plate potential or 
voltage is & times that of the grid circuit. 
Eliminating J and J, from these two equations, we find that 


R +i(40 (iy ) + jply) — jp} j(oM i a Ue 
Hquating horizontal and vertical steps or real and unreal 
terms of the above, we find 
CRE, + L, — Mk = Cp(LL, — M*)R, = Cp?(L,R — LR,) 
Dividing one equation by the other, we have 
das LR — RL 
ORR, + L£,—Mk~ LL, — M, 


Fi yalafilafa i 
B, 


(52) 


Fig. 95. 


This is equivalent to the equation (42) if we bear in mind, 
that R, is R;, because the resistance of the plate circuit is 
almost entirely the internal resistance of the valve, and also 
that for close coupling we have nearly M? = L,L. 

The above equation (52) then leads to 

UB NON te 
Eine at 
as a condition for the determination of M. It is obvious that 
- (53) is consistent with (43). 

The graphical method of representing the relation of the 
different current or potential vector, in the case of various 
thermionic valve circuit connections has many advantages. 
Some of these valve vector diagrams have been worked out 
by Dr. W. H. Kccles.1' A few of them may be here considered. 


1 “ Vector Diagrams of some Oscillatory Circuits with Thermionic Tubes,” 
Proc. Phys. Soc., Lond., vol. 31, 1919, April 15th, p. 137. 


a (53) 
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Take the case first of the oscillating valve, in which an auto- 
transformer is used for coupling the grid and plate circuits, as 
in Fig. 95. A condenser of capacity C is connected across the 
ends of the primary coil of the transformer of inductance L and 
resistance R. This coil is placed in the plate circuit. The 
secondary circuit of the auto-transformer is connected to the 
erid. We shall assume the grid current to be so small that it 
| can be neglected and we have then only to 
consider the E.M.F. set up im the grid 
circuit by the mutual inductance M of the 
two circuits of the transformer. 

The oscillatory circuit composed of the 
condenser C and inductive resistance LR 
is traversed by an oscillatory current, the 
: maximum value of which may be denoted 

by J. There is another superimposed 
oscillatory current which flows through 
the condenser and inductance, and com- 
pletes its circuit through the internal resist- 

Dp ance R; of the valve between plate and 

Gas filament. This current may be denoted by 

f I. The currents J and J are not in step 
with each other. 

Ril There is an electromotive in the secondary 
circuit of the transformer equal to MpJ 
where p = 27n, n being the frequency of 

Q the oscillations. This is applied to the 
grid, and it creates in the plate circuit an 
electromotive force equal to kMpJ, where 
k is the amplification factor. 

We can then draw the vector diagrams as 

eae 5G: follows (see Fig. 96). From a point O as 
origin, draw a line OD horizontally to the 

right to denote to scale RJ, where R is the resistance of the 
primary coil of the transformer. Draw OA vertically upwards 
to denote LpJ, where LZ is the inductance of the coil and p = 

27 times the frequency. _ 

As we see below, is calculated from the values of C, L, R 
and R;, which last is the internal resistance of the tube between 
filament and plate. We may assume J to have any arbitrary 
value, and we then calculate the value of J from the equation 
(54) below, which gives us the ratio of J to J. We can then 
calculate the values of I/Cp and J/Cp, which are the rela- 
tive volt-drops down the condenser of capacity C’ due to the 


B @ kMpd 
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periodic currents J and J respectively. Then from O draw a 
line OH vertically downwards and equal to J /Cp. Complete 
the parallelogram OA.OD and find the length OF .of the 
resultant of LpJ and RJ. 

OF is then the total volt-drop down the primary side of the 
inductance coil. Produce FO to N and make ON = OF and 
complete the parallelogram OH . HN, and find the point G. 
Then OG = I/Cp, because the vector sum of the volt-drops 
down the condenser due to the currents J and J must be equal 
and opposite to the volt-drop down the inductance coil due to 
the current J. Then from N draw a line NP at right angles 
to OG, and draw OQ equal and parallel to NP. Then OQ 
represents RJ, viz., the drop in voltage due to the current I 
flowing through the internal resistance of the valve. This 
vector is in step with the current J and must therefore be 90° 
in advance of OG, which denotes the volt-drop down the con- 
denser due to that current. Then set up a vector OB vertically 
equal to OP, and this must represent kMpJ, which is the 
impressed internal E.M.F. in the valve required to balance the 
volt-drops OG; OH = GN, and NP = OQ, since MpJ is the 
grid potential. We have then all the required vectors drawn. 

If @ is the phase difference between the currents [ and J, it 
is clear that the angles GOH, NHK, and KNP are also equal 


to @, and from these triangles we can see that 


Se Ae ele, (AMp — Lp)J 


_ iLp—(lCp)yjJ RI 

ADD (LOD a fo aL 
Hence kM = DL -+ ORR; 
] R 


Apa e. SSG Mead 
EOL OLR, 
These two last equations are the same as (48) and (49) 


already obtained by another method. The ratio of the currents 
[and J is easily found from the relation RJ/R:I = Cos 0. 


Hence [=I EVI+OPRA x rag) eae th an ( D4) 


In actual practice cos @ is very nearly zero, because R; is 
very large compared with R, and therefore the angle @ is nearly 
90°. OG is therefore nearly in opposite phase to OD, and OH 
is nearly equal to OA. 

6. Theory of the Amplifying or Relay Valve.—In discussing 
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the theory of the three-electrode valve, it is sometimes neces- 
sary to regard the grid as having a certain capacity with respect 
to the filament, and the space between the grid and filament as 
having a certain conductance, and we have then to consider 
the grid current as well as the plate current. 

The grid current, like the plate current, is a function of the. 
erid potential and the plate potential and there is therefore a 
second characteristic surface in which vertical ordinates are 
grid currents, and horizontal co-ordinates are the grid and 
plate potentials. 

If we consider only the region of these characteristic surfaces 
in the centre at which they are nearly plane surfaces, we can 
write two linear equations which define these regions. 

To make our equations (30), (31), and (32) given above com- 
plete, we may then write 


Gy cd ee eae Bee seni ae er 
Where i, is the total grid current made up of a direct portion 
J and an alternating part jq (instantaneous value) of which Ja 


is the maximum value. We can then write two lmear equa- 
tions as follows : 


Ola Oa 
Va — en Ca + OVa Va . . . . ° . . (26) 
; Ona Ong 
ja peat ete te OT 


The partial differential coefficients in the above equations 
denote the slopes of the characteristic surfaces parallel to the 
axes of grid potential and plate potential respectively. 

They are of the nature of conductances, and we have already 
symbolised us by a and Mi by 6, and shown that 1/b is the 
resistance of the space between filament and plate for constant 
erid potential. 

If we further denote 07,/0eq by «, and 074/0va by B, we have 
the equations for the plate and grid alternating currents 
expressed by 

tp eg | OUg psy nt Seen ee ee 

Vg Olal-T Bus tts 2 pa) Ae Da nae (59) 
in which 1/b is the resistance of the vacuous space between 
filament and plate corresponding to zero grid potential (alter- 
nating). 

The ratio a/b has been denoted by & in previous equations, 
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and is a numerical quantity or mere ratio. In the same way 
the ratio «/B may be denoted by h. 

The above equations of course only apply to those portions 
of the characteristic surfaces which are practically plane sur- 
faces, or else we may consider them as applying only to 
oscillations of infinitely small amplitude. 

Suppose then that in the external plate circuit we have an 
inductive resistance R which may be also non-inductive, Then 
since there is no impressed alternating electromotive force in 
the plate circuit, we must have a third equation fulfilled, viz., 


Tea oN gabe eoaty Beng « Ui em We ne i (60) 
Solving the three equations (58), (59) and (60), we have, 


Ra 
Ug = — I+ Rb Ca Sans vances Lens rer wae Bee (61) 
la —— i} ie: Rb Ca ) 


The equations (61) in-a slightly different form were first 
given by M. Marius Latour in the articles above mentioned. 

It is obvious that the alternating power given to the grid is 
the mean value of the product j,e,, and the power given out 
in the plate circuit side is the mean value of 1,74. The ratio 
taVa/ Jaa 18 called by M. Latour the relay effect of the thermionic 
tube. Substituting the values from (61) for the components 
ta; Va; Ja, We have for the relay effect 7 the expression 


oe Ra? 255 
1 F(abB — 8a) + Rap —2bx)— a °° *. 182) 


It can easily be shown that there is a certain value of R 
which makes the relay effect a maximum. For if we differen- 
tiate n with respect to R, and find the value of dn/dR and equate 
to zero, we obtain for the value of R, which makes n & Maxti- 
mum. 


1 
[ee 
R=— a Bp é Pages) Biome ‘ . - (63) 


It is clear then that in the case of power magnification by the 
valve, there is an optimum impedance in the plate circuit 
which gives the maximum magnification. 

When that impedance is very large, that is when R is nearly 
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infinite, we see from the second equation of (61) that the ratio 
of plate potential to grid potential is a/b = k, and this may be 
called the voltage magnification factor. 

It is easily seen from equations (61) that the resistance 
between the filament and the grid is expressed by 


1+ Rb 


(1 + Rb)« + Rap be 
The output of the valve on the plate side is 
W = ae (C0 (65) 
(l=) Rb)? 
The input on the grid side (w) is expressed by 
_ «+ Rab — Rap (¢4)? (66) 


1 + Rb 

These two last expressions can be made more significant if 

we remember that 1/b = R; is the internal filament to plate 

resistance when the grid potential is constant. Also a/b = k, 

the voltage magnification. If we make these substitutions the 
above expressions become 


W = ppp (60) righ Sir eae 
w= |a— py ge (0 Se ee 


As we have seen, the ratio W/w is a maximum when, 


1 
jigs I 8, 
Alene 


whilst W is a maximum when R = R;. 

The above expressions are all obtained on the adcuinaee 
that the amplitude of the oscillations is small and that we are 
operating in that region of the characteristic surface which is 
practically plane. If the oscillations have large amplitude, we 
must take into account that the characteristic surface is 
curved. Van der Bijl has therefore employed an empirical 
expression for the plate current,! which in our notation is 
equivalent to 


p=A(E mtu te), Sats beeg = ee 


1H. J. Van der Bijl, ‘‘ Theory of the Thermionic Amplifier,” The Physical 
Review, September Ist, 1918, vol. 12, p. 171. 


(69) 
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This is equivalent to assuming that the section of the 
characteristic surface parallel to the planes of za, zy is a parabola. 

The two principal slopes of the surface are obtained by 
taking the partial differential coefficients of ip, viz., 


ae: =24 (iu +% +) =a 
Og k (71) 
Oy Ae . )= 
in epg zp + Uy +e sade 


These quantities a and 6 are of the dimensions of a con- 
ductance. The average value of the internal conductance 
between filament and plate is the average value of Op/OVy, and 
the average value of the internal impedance is the reciprocal 
of this conductance. : 

Now v contains a constant part and a periodic or alter- 
nating part, but the average value of the latter throughout a 
period is zero. 

Hence if R, is this internal impedance 


gel : 
245 (Z0 -+ % + a ee eet? 
Having regard to equation (70) we see that this is the sameas, 


R. _ Up + kvy + €) 


i | (73) 
2p 
Also comparing (72) with (71) we see that 
1 k 


The expressions for the voltage and power amplifications 
can then be derived as follows :— 

Let & be the impedance of the external part of the plate 
circuit. Then, if # is the direct voltage of the plate battery, 
we have H — Rip = Vy. Hence, since i, is a function of v, 
and v, we have 

din | Op dy , Ory 
dt) Ov, dt, dv; 
where the symbol 0 stands for partial differentiation. 
Substituting in (75) the values in (71) we have 
Ap dvs. 


(75) 


dv ave E 
—? — — R— since EF is constant. 


sie dvg Avy 
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Accordingly (1 + dR) a ee 
g 
digits ae Lae Coan 
and therefore R ial Rh Ree (76) 
Now ies is the rate at which the volt-drop down the 
g 


resistance R changes with change of grid voltage. 
Hence (76) gives us the voltage amplification, which may 


be called k’, and then kh’ = Rok Hence, k is the voltage 
amplification reached when the external impedance & becomes 
infinite. To obtain the expression for the power amplification 
we must assume that the grid-filament circuit has a certain 
equivalent resistance, which we shall call r. Then, since the 
power given to a circuit is measured by the square of the 
potential fall down it divided by the resistance, it is clear 
that the power amplification of the valve is the product of 
r/R, and the square of the voltage amplification, 


a ey bee es ) Bg ee 14 
1= RRR, © (RAR 
The power amplification is therefore a maximum when 


— R,;. 

It will be seen that this last expression (77) for the power 
amplification is consistent with equation (67) above, for if 
r is the effective resistance of the filament-grid circuit, then 
(eq)?/r is the power given to the grid, and since (50) tells us 
that the power W given out on the external resistance is 
Rk?(eq)?/(R + R,)?, it follows that the power amplification ‘is 
as given in (77). It will be seen, therefore, that the quantities 
which it is important to measure are k, R;, « and the voltage 
and power amplifications. These measurements will be con- 
sidered in the next chapter. 

7. Full Theory of the Three-electrode Valve.—The full 
theory of the three-electrode valve requires for its treatment 
the consideration of four principal constants which are the 
slopes of four characteristic curves, viz., the plate current-grid 
voltage, plate current-plate voltage, grid current-grid voltage, 
and grid current-plate voltage characteristics. Hence, in 
addition to the plate current, plate voltage, grid voltage 
symbols already used we must include the grid current and 
their differential coefficients. 


(77) 
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In a paper on “The Design of Multiple Stage Amplifiers 
using Three-electrode Thermionic Valves,” by Professor C. L. 
Fortescue,! the theory of the valve is discussed on the above- 
named basis. As already~pointed out the quantities to be 
considered are then : 

(1) The plate current, 7-. 
(2) The plate potential, v-. 
(3) The grid current, ig. 
(4) The grid potential, vy. 
and the slopes of the characteristic surfaces 


Then for the flat part of the characteristic surface we have 
the equations, 


Uae U Ge UD ame erie, 8 + (78) 
1g hy a Sth ae ne meee co. es (9) 
Urge inline ee) crceen ie oi. (80) 
where £ is the resistance of the external plate circuit. Hence 
a : 
Vp = — Ug b-1/R 7 (81) 
a 
1S u,( 2 — sip) ph Gis, ee (OS) 


The mean power given to the grid is the mean value of 
Ug¥g = mean value of 


pea OV, 2 
(« EUR) Dy nee 1 IE (RS) 
It is clear from equation (81) that the grid and plate voltages 
are in opposite phase, and the ratio is 
Pe eae Ee 
Citak RAR oa aanos evi ote (84) 
Hence, when FR is very large, we have k =a/b or k is the 
amplification factor. With the values commonly used the 
value of k varies from 5 to 30, and b is of the order of 3 x 10-8, 
or 3 X 10-%. 1/b = R; = 333,000 to 33,000 ohms. 
Under normal conditions of use the anode voltage v, is 
always positive, i, 1s always positive, 7, is positive in hard 
valves, but may be positive or negative in soft valves. 


* See Journal of The Institution of Electrical Engineers, vol. 58, p. 65, 
January, 1920. 
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The above equations of Fortescue apply to the valve with 
a simple resistance R ohms in the external plate-filament 
circuit. They are identical with the equations (61) already 
given by M. Latour. 

Professor Fortescue has also discussed the case of a three- 
electrode valve with an inductive resistance in parallel with 
a condenser placed in the plate circuit. 

We shall follow his treatment with some modifications of 
symbolism. For the sake of simplicity let zp, vp, iy, vg, denote 
the alternating part of the plate current, plate voltage, grid 
current and grid voltage respectively. Then let R and L be 
the resistance and inductance of the coil in the plate circuit, 
and C the capacity across its terminals (see Fig. 97), and let 
C” be the capacity between the grid and the plate. 


Fig. 97. 


The plate current 2, is then divisible into two parts, one which 
flows through the inductance Z and the other which flows 
through the condenser C. 

In the same way the total grid current may be divided into 
a part which flows through the circuit connecting the grid and 
filament, and a part which flows through the capacity C’ 
connecting the plate and grid. 

Then, since we have 7) = avy + bvy, and since 7, is the vector 
sum of — 


v ; ee 
Bt gpl’ — JpCrp, and jpC"(vp — v4) 


v ie Sot 
we have — Racieh — 7pCUp + 7pC" (Up — Vg) = Ag + Dry 
: a — 9pC" 

" jp(C + C) + 6 + IR + gpl) 


Where p = 2an (n being the frequency) and 7 = V—1 as 
usual in complex expressions. 


which gives Up = — 


(85) 


THE THEORY OF THE THERMIONIC VALVE 1g 


The equation (85) gives the voltage amplification ; and if 
Cand C” are both zero, and L = 0 it reduces to (Ole TG 
has a finite value it generally results in a reduction of the 
amplification. | | 

If the frequency vn is such that (27n)2CL — 1, in other words, 
if the inductive circuit is tuned for the ‘frequency », and if 
C’ is small compared with C and R small compared with pL, 
then jp(C + C’) is equal and opposite in sign to 1/(R + jpL), 
and we have again v,/vy = — a/b. At all other frequencies 
the denominator in (85) will be much greater than 6, and the 
amplification less than a/b. 

We have already considered the case in which the grid 
circuit and plate circuit have a mutual inductance M, and 
the conditions under which sustained oscillations are set up 
by the valve. 

We shall consider in another chapter the theory of three- 
electrode valves in cascade. 


CHAPTER. V. 
THERMIONIC VALVE CONSTRUCTION. 


1. The Problems of Thermionic Valve Manufacture.—It will 
be advantageous to consider a little more in detail the various 
types of thermionic valves and the processes of manufacture, 
before discussing their use for particular purposes. 

The enormous demand for this appliance during the 
European War (1914-18) caused great attention to be given 
to the problems of economic manufacture strictly to specifica- 
tion for certain performance, and this was of benefit in greatly 
improving the design and manufacture of the valve for subse- 
quent commercial use. 

The thermionic valve is essentially a metallic filament lamp 
with certain plates, or grids of metal sealed into the bulb. 
Hence, all the knowledge and experience gained in the evolution 
of the metallic filament lamp used as an illuminant was avail- 
able in the production of the thermionic valve. 

Nevertheless, the difficulties of manufacture are very much 
oreater ; partly by reason of the more complicated structure 
which has to be sealed into the bulb, but chiefly by reason 
of the difficulty of adjusting the vacuum to a required exact 
pressure or else creating an especially high vacuum, and freeing 
all the masses of metal and glass surfaces entirely from 


adhering or occluded air. A vacuum which is good enough for an 


incandescent lamp is not nearly good enough for a hard valve. 

A further difficulty arises from the fact that we have not 
merely to pass through the leading-in wires a current for 
rendering the filament incandescent, but we have to pass a 
discharge current through the vacuum space between filament 
and plate which, in the case of generating valves, may be a 
current under very high electromotive force. Another of the 
difficulties which arise in making glass bulb valves is the 
rapid increase in electric conductivity of glass which takes 
place as the temperature rises. Cold glass is a good insulator, 
but at 300° C. one kind of glass may have ten times the con- 
ductivity of another sample. Very hot glass is an electrolytic 
conductor. 

One of the problems of construction therefore is that of 
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leading these currents into and out of the structures put into 
the bulb. There are not many metals which can be employed 
for the actual sealing-in wires. 

Platinum wire has been nearly always used, with glass 
bulbs, because it is possible to manufacture a brand of lead 
glass which has the same coefficient of volume expansion as 
platinum, and to which platinum adheres when red hot, and 
does not crack out on cooling. 

The great drawback at present to the use of this metal is 
its enormously enhanced price. Thirty years or so ago the 
price of metallic platinum was about 30s, an ounce. At 
present (1924) it is about £25 an ounce. 

Although many alloys have been 
invented and patented as substitutes 
for platinum, it can hardly be said that 
any of them form a really satisfactory 
alternative. The present practice is 
to reduce the actual amount of platinum 
required by devices of construction, as 
follows :— 

The bulbs of thermionic valves are 
made in nearly all cases of a heat- 
resisting lead-glass containing a high 
percentage of lead oxide, with a small 
percentage of silicic acid. Silica bulbs 
have, however, been used with success 
in some cases. The bulb is formed with 
one or two inset tubes or stems, the Fic. 98.—Section of Two- 
inside end of this tube being squeezed —_—prrode,, Thermionic 
together whilst the glass is soft, and method of sealing the 
through this “pinch” the leading-in platinum wire connec- 
wires pass, and the bottom or open end San pe aang 
of the stem sealed into the bulb. The 
advantage of this inset tube is that the filament grid and 
plate, whatever form they may take, can be mounted on the 
stem, which latter is then introduced into the bulb, and 
_ the junction made by melting together the edges of the 

glass bulb and stem. Fig. 98 shows the construction of a 
simple form of two-electrode valve made in this manner, 

The wires which carry the filament and the plate or cylinder 
and grid are generally of nickel, and have little bits of platinum 
wire electrically welded to them. The leading wires which 
pass down the inset tube or stem are of copper, electrically 
welded on to the bits of platinum wire, 


N 2 
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The short length of platinum wire is wholly. contained in 
the “ pinch ” or squeezed-up inner end of the stem. | 

When large currents have to be taken through the glass, 
the platinum wires may be in multiple, as shown in Fig. 99. 

In the case of three-electrode valves 

four wires have to be sealed through the 

“pinch,” two for the filament and one 

each for connection to the grid and to 


the plate. 
P In the case of most receiving and 


amplifying valves there is no difficulty im 
mounting the whole construction on one 
stem, and then introducing it into a 
bulb and sealing the stem and bulb 
together. , 

This has the advantage that the 
exact adjustment of the filament, grid 

and plate can be made on the stem, and 

Fa. 99.—The Inset Tube jg not disarranged during the process of 

of Large Valve show- ‘ ; 

ing the platinum sealing 1n. 

wires, w, sealed in Of such type is the ordinary straight 

ues into the fJament, spiral grid, and cylinder anode 

Pee in the common type of globular bulb 
receiving valve (see Fig. 100). 

In this case the filament is a tungsten wire, the ends of which 
are attached to wires forming a sort of fork. A little spring 


Fic. 100.—Three-electrode Thermionic Receiving Valve. E is the 
tungsten filament, D the grid, C the plate, and F the collar 
and pin terminals. 
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can be put on these latter wires so that the filament is always 
kept straight, even when incandescent and therefore longer 
than when cold. 

In some other types of two-electrode valve, the filament 


Fics. 101 and 102.—Method of supporting the Anode Cylinder and Grid 
in Large Valves by gripping to an Inset Tube by Collars. 


is in the form of a horseshoe or loop, and the cylinders, forming 
the plate of the valve, surrounds without touching it. 

Owing to the length and tenuity of the tungsten wire 
sometimes employed, it may be necessary to keep the filament, 
whether straight or in loop form, tight by means of a small 
spiral spring so arranged as to take up the slack of the filament 
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when the latter is rendered incandescent, and therefore 
expanded in length. 

In the case of transmission valves where the cylindrical 
plate and the grid are far larger and heavier metallic structures 
than in the case of the receiving valves ; other methods have 
had to be devised for holding the metal cylinders firmly. 
One way is to attach them to metallic collars which grip the 
inset tubes, and then a small leading-in platinum wire 1s 
sealed through the side wall of the stem and makes connection 
with the grid or plate as the case may be (see Figs. 101 and 102). 
A number of patents have been taken out which have reference 
to this detail of construction. 

Thus, for instance, the Osram-Robertson Lamp Works, Ltd., 
and Oswald Durdle have patented} a method of retaining 


a metal cylinder in position in a bulb by means of three 
expanding springs at the ends, as shown in Fig. 103. 

The electrical connection with this cylinder is made by a 
wire welded to the cylinder, and then sealed through some 
part of the bulb, the sealing-in part of this wire being of 
platinum. 

The filament is then attached to one inset stem, which may 
be sealed into one end of the bulb, and if a grid is required 
it is curved on a stem sealed in to the other end of the bulb. 
The method of holding these heavy metal cylinders or grid by 
clamping them to the stem, as shown in Figs. 101, 102, 104, 
was patented by the Osram-Robertson Lamp Works, Ltd., and 
F. P. Driver ? in 1917. 

The illustration in Fig. 104 will show without further 
description how this is managed and the mode of making 
the electrical connection to the cylinder or grid. 

2. Details of Valve Construction—We then pass on to 


1 British Patent Specification No. 119,089 of September 20th, 1917. 
2 British Patent Specification No. 116,133 of May 29th, 1917. 
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consider the details of construction of the different types of 
thermionic valve or tube used (1) as detectors of oscillations ; 
(2) as amplifiers; (3) as high voltage rectifiers; and (4) as 
oscillation generators. 


Broadly speaking, these differ in the amount of electric 
power which they can modulate or transform, and by the 
plate potential required when used as amplifiers or generators. 
When used as rectifiers for alternating currents, whether 
as detectors of high-frequency oscillations or as rectifiers of 
high-voltage alternating currents in connection with valve 
generators, they consist simply of a metallic filament 
incandescent vacuum lamp having the filament surrounded 
by a metal cylinder connected to a third terminal by a wire 
sealed through the bulb. The form given to this oscillation 
valve by the author in 1904 and 1908 is still followed, the only 
difference being that in very large rectifying valves the 
cylinder must be sufficiently supported within the bulb, as 
already described in § 1. It must also be made of a metal 
which will bear heating red hot without injury. The metal 
now generally use is molybdenum which has a high melting 
point and retains a clean, polished surface, even after it has 
been heated to a red heat in the process of manufacturing 
the valve by electron bombardment, as mentioned below, 
to extricate from it all occluded gas. 

In small detecting valves the wire connected to the cylinder 
can be brought down the inside of the stem, but carefully 
insulated from the two wires which are the terminals of the 
filament. 
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Such valves may be provided with a brass collar like 
incandescent lamps, but have three terminals instead of two 
viz., the pair for the filament and the one for the plate. 

The large high-voltage rectifying valves are nearly always 
made double-ended, with two inset stems. Down one stem 
pass the two leads to the filament and down the other stem 
the lead to the collecting cylinder. 

The form of the filament and the mode in which it is rendered 
incandescent is of importance. In small receiving valves the 
filament is now almost always made of drawn tungsten wire. 
In some cases this is thoriated, as described in Chapter 
III. for making “dull emitters.” In other cases so-called 
oxide-coated cathodes, already described, have been much 
used. 

In receiving or detecting valves it is not necessary to have 
a very long filament. It is most convenient to have such 
length and diameter that it is brought to a brilliant incan- 
descence, equivalent to an emission of 0-8 of one candle-power 
in light per watt of electrical power expended in it, by the 
application of 3-9 to 5-9 volts at the terminals of the filament. 
We can then use a two- or a three-cell lead-storage battery 
with a regulating resistance in series with it to supply the fila- 
ment current, and such current is generally about 0-8 of an 
ampere. 

Hence the filament absorbs about 5 watts. 

In order that sufficient electron emission may take place 
from the filament, it is essential that it shall have a certain 
surface at a high temperature. If the filament is very short, 
then the terminal wires to which it is attached conduct the 
heat out of the ends of the filament and reduce its average 
temperature, so that whilst the central portion of the filament _ 
is at almost the highest temperature it will safely bear, the two 
ends are at much lower temperatures, and therefore are 
emitting far fewer electrons per square centimetre. Owing to 
the very small currents, viz.. a few microamperes which have 
to be rectified when using two-electrode valves as receivers, 
this is not a matter of importance, as it is easy to 
obtain sufficient electron emission from a filament a centi- 
metre or two in length to carry the currents required to be 
rectified. 

In very high power high-tension rectifying valves, where 
the currents passed through are large and amount to many 
amperes, it is necessary to have surface sufficient in the 
incandescent filament to give the necessary electron emission 


> ee »  — ae | Oe 
' 
. ore . 4 
] : . 
: ' 


This may amount to about 2 sq. cm. of surface per ampere of 
thermionic current. 

Hence in this casé the incandescent filament may either be 
very long and thin or very thick and short, or some com- 
promise between the two. In the first case it will require a 
relatively high voltage, and in the second a relatively large 
current to be provided by the filament-heating battery. 
There are two reasons for not making the incandescent cathode 
of too low resistance, that is, one taking a large current at a 
low electromotive force. 

In the first place, the larger the current required to heat the 
cathode, the greater is the section of the sealing-in wires 
required. 3 

Hence there is a certain advantage in imparting the necessary 
power to incandesce the filament in the form of relatively small 
current at a relatively high electromotive force, This in 
general implies a long high-resistance filament, and one there- 
fore taking up much room in the bulb, 

There is a second reason for keeping the filament-heating 
current small. This current produces a magnetic field round 
the filament which is directed along circles whose centres lie 
in the heated wire, and planes perpendicular thereto, at least 
in the case of straight filaments, Consider, then, an electron 
liberated from the incandescent surface and urged by an 
electric force due to the plate potential to move away normally 
from the filament. In so doing, it has to cross the lines of 
magnetic force. But if an electron with charge e moves with a 
velocity V perpendicularly to the lines of a magnetic field of 
strength H the electron is subjected to a force equal to eVH, 
which tends to move it in a direction at right angles to the 
plane containing the magnetic force H and the velocity 

direction V. Accordingly the electron is curled back on the 
incandescent conductor. We may say, therefore, that electrons 
find a difficulty in getting away from an incandescent con- 
ductor when that incandescence is due to a very strong current 
passing through the conductor. 

There is also some advantage in heating the cathode by 
means of an alternating current, rather than a direct current, 
When these currents have to be large. 

It has always to be borne in mind that in matters of design 
every question involves a number of considerations, and the 
ultimate form selected is a certain compromise. An increase 
in the diameter of a filament gives it a considerably longer life 
than a thinner filament worked at the same temperature 
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because there is more material to call upon for evaporation, 
and small defects do not so quickly make themselves felt im a 
rupture of the filament. The “life ” of the filament decreases 
very rapidly with rise of temperature, in fact more rapidly 


Fic. 105.—150-Watt Rectifying or Fleming Valve made by the M.O. 
Valve Co., Ltd. Type U.1; filament volts, 12:0; filament 


amps., 4°0. 

: than the electronic emission increases. This will be seen from 
some approximate values for temperature, life and emission 
given for tungsten filaments of two diameters, as determined 

) 1 the Research Laboratories of the General Electric Co., 

Ltd., and mentioned in an article by Mr. G. Christopher 


’ Marris. 
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Diameter of filaments in milli- 
metres ; : : ; — 0-1 0-3 — 
. Heating current in amperes. 1-6 iF 8-2 8-8 
: Temperature . : : - | 2,400° C. | 2,500° C. | 2,400° C. | 2,500° C. 
Expectation of lifein hours. 1,500 300 2,000 600 
Heating watts per centimetre of 
length ; ; . ; 2-53 3-02 7-62 9-15 
Electron emission in milli- 
amperes. : F : 20 52 60 155 
Milliamperes of emission per 
watt of heating current per 
centimetre of length . ‘ 8 1% 8 17 


| It will be seen then that an increase of about 6 per cent. in 
the filament heating current decreases the life to about one- 


* 


Fia. 106.—200-Watt Rectifying or Fleming Valve made 
by the M.O. Valve Co., Ltd. Type M.R., 1; filament 
volts, 9; filament amps., 5:8. 
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fifth or one-third, but only about doubles the emission per 
centimetre of length per watt of heatmg power. There is, 
therefore, a decided disadvantage in working valve filaments 


Fic. 107.—300-Watt Rectifying Valve made by the 
M.O. Valve Co., Ltd. Type M.R.4; filament 
volts, 12:5; filament amps., 6°3. i 


at a higher temperature than will just give the emission 
required for reception or generation of oscillations. 

As an illustration of the filament currents and voltages 
employed in making rectifying valves intended to rectify 
high-frequency currents corresponding to certain power 
outputs, we may give the details of some large rectifying 
valyes made by the Marconi-Osram (M.O.) Valve Co.,Ltd. 
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Type U.1. 150-watt Rectifier for Rectifying 0-33 ampere.— 
* Filament voltage, 12 volts; filament current, 4 amperes, or 
a>: 48 watts in filament (see Fig, 105). 


FAR ee 


Fie. 108,—450-Watt Rectifying Valve made by the 
: M.O. Valve Co., Ltd. Type U.2; filament volts, 
18:0 ; filament amps., 6°2, 


Type M.R.1. 200-watt Rectifier —Filament voltage, 9 volts ; 


| filament current, 5-8 amperes, or 52-2 watts in filament (see 
, Fig. 106). 


TYPE M.R.4. 300-watt Rectifier —Filament voltage, 12°5 ; 
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flament current, 6°3 amperes, or 79 watts in filament (see 
Fig. 107). : 


Fic. 109.—600-watt Rectifying Valve made by the 
M.O. Valve Co., Ltd. Type, M.R.2; filament 
volts, 18°5; filament amps., 15. 


Type U.2. 450-watt Rectifier—Filament voltage, 18; fila- 
ment current, 6:2 amperes (see Fig. 108). 

Typr M.R.2. 600-watt Rectifier—Filament voltage, 18°5 ; 
filament current, 15 amperes (see Fig. 109). 
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Still larger rectifying thermionic valves are now made for 
rectifying the high-tension alternating currents required to 
supply the D.C. plate voltage for large transmitting or generat- 
ing valves. These large rectifiers are capable of rectifying 
currents at voltages representing several kilowatts passing. 
The glass bulbs are 12 to 
15 in. long and 10 to 12 
in. in diameter. The cylin- 
drical anodes are massive 
constructions, and the fila- 
ments may require 200 to 
300 watts or more expended 
on them to incandesce the 
cathode. 

As regards three-elec- 
trode or grid valves, these 
are divided into the two 
broad classes of receiving 
and transmitting valves. 

In receiving valves, the 
aim is to make them as 
small as possible consistent 
with a long-lived filament, 
with large amplifying 
power and robust structure. 
_ The receiving valve has 
either a nearly spherical 
or cylindrical bulb of about 
2in. diameter with a wide 
inset tube, through which 
the filament, plate, and 
grid leads pass; or else 
it takes a narrow cylin- 
drical form with terminals 
of the filament at the two 


Fic. 110.—An American type of 


ends and connections to ReceivingValve with cylindrical | 

the plate and the grid at anode and spiral wire grid made 

fe wides. by the Radio Corporation of 
America. 


The single-ended spheri- 
cal or cylindrical valve is fitted with a brass or nickel collar 
and base from which protrude four split pins which are the 
terminals of the filament, plate, and grid. These four pins 
are not arranged exactly at equal distances, but in such 
fashion that when plugged into a suitable socket, no mistake 
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can be made in joining up wrongly the connections to filament 
battery, high-tension battery and erid condenser or potentio- 


meter. 


The filament is in most cases a straight-drawn tungsten wire, 


Fic. 111.—A tubular form of 
Three-electrode Receiving 
Valve made by the Marconi- 
Osram Valve Co., Ltd. 


one end of which may be kept 
stretched by a small spiral 
spring. The grid consists usu- 
ally of a spiral of nickel wire 
which surrounds without touch- 
ing the filament and the turns 
are kept in position by lashing 
them to a straight wire by fine 
binding wire. 

The plate is usually a cylinder 
of sheet nickel electrically welded 
to a supporting wire, but 1t may 
consist of two metal plates one 
on either side of the filament. 
The cylinder is sometimes set 
vertically in a cylindrical bulb 
and sometimes horizontally in 
a spherical bulb. 

A typical example of the latter 
type of receiving valve is the 
so-called ‘“ French” valve with 
straight horizontal filament, 
spiral grid and cylinder, and 
four-pin contacts which has 
already been described (see Fig. 
100). Ae 

A variation on the above 
form is the American valve, m 
which the cylinder and_fila- 
ment are placed vertically in a 
tubular bulb (see Fig. 110). 
In another type of valve used in 
the United States the cylinder is 
replaced by a pair of collecting 
plates placed on either side of a 
flat grid spiral. The filament 


is of tungsten wire in loop form, the top of the loop being held 
by a small spiral spring so as to keep the loop tight and prevent 
it touching the grid (see Fig. 111). It is important that the 
grid should be as near the filament as possible. . 


THERMIONIC VALVE CONSTRUCTION 193 


In a German-made variation the plate takes the form of a 
flat, circular disk, above which is a flat spiral, and above the 
spiral a pendant loop filament of tungsten wire. 

The Marconi-Osram Valve Company have made a large 
number of types of three-electrode recelving valve adapted 
for various purposes, as follows : : 

R. A “hard” general receiving and amplifying valve of 
the general shape and type of the Péri-Biguet valve having 
a drawn tungsten wire filament | 
working at 4 volts and 0-64 ampere, 
designed for an anode potential of 
70 to 160 volts. This valve was 
largely used during the Great War 
for general reception. It was more 
extensively used than any other 
type (see Fig. 100). 

R. 4, A, B,C. Are types of hard 
valves made by the same firm with 
filaments cut to work at 3-5 to 3-8 
volts and about 0-65 to 1-0 ampere, 
So as to require only two secondary 
cells to provide the heating current 
for the filament. The plate potential 
is 50 to 70 volts. 

These small valves are used in 
aeroplane receivers, where it is im- 
portant to keep down the weight of 
batteries required. 

C. A type of small, hard ampli- 
fying valve with filament voltage of 
5 volts and current 0-75 ampere, 
made in large quantities for the 


: Tubular De- 
B.A.F. during the war. The plate tector Valve, largely 
voltage is 50 to 70 volts, used by Marconi’s Wire- 
less Telegraph Com- 

V.24. Is a small tubular bulb- pany 


hard valve, with filament working 
at 5 volts and 0-8 ampere, and a plate voltage of 24 
volts. Very largely used by the Marconi Company in 
their multiple valve, high-frequency: amplifiers as the 
amplifier. The filament is a straight tungsten wire, the 
terminals being metal caps on the ends of the tube. The 
grid is a spiral wire, and the plate a cylinder of metal. The 
grid is sometimes a metal gauze cylinder. The terminals of 
grid and plate are the metal caps at the side of the tube. 


T.V. 10) 
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This valve is held in place in the complete apparatus by 
four spring clips, which make the contacts necessary to the 
filament-heating battery and grid and plate circuits respec- 
tively (see Fig. 112). 

We have then to consider the various types of three-electrode 
thermionic tubes used as generators, or so-called transmitting 
valves. 

As already mentioned, these do not differ in principle 
from the small types used for reception except in the means 
adopted for supporting the much more massive cylinder 
anodes and grids. In the transmitting valves the grids are 
always made with metal wire (generally nickel) gauze 
formed into a cylinder which surrounds the filament, and 
is in turn surrounded by the cylinder anode (see Figs. 
101 and 102). 

The following is a list of the types, filament voltages and 
currents, power outputs and plate voltages of transmitting 
valves made by the Marconi-Osram Valve Co., Ltd. : 


Filament. 
Power Out- | 
Type. : —— putin ~| Plate Voltage. 
“ Volts. Amps. Wa tte 

T25 6-0 2-0 25 | 500—1,000 
S026. 7:0 1:8 30 1,000 
iT S0ee 7-0 2-6 50 1,000 —1,200 
A Weeekb 6:0 2°3 80 1,500 
T1003 10.0 3°5 100 | 1,000—1,500 
T.150 . 9-0 5:8 150 
T:250) 2: 1255 5°5 250 | 2,000 
T.400 . 16:0 10:0 400 12,000 
T;450 "., 18:0 5:4 450 3,000—7,000 
T.600 . 18°5 15:0 600 12,000 


= 


It will be seen that in many cases the plate voltage employed 
is very high, even up to several thousand volts. 

In these cases the high plate voltage is provided by stepping- 
up a low frequency, alternating low voltage by a transformer, 
and then rectifying this current by one or more high vacuum 
large Fleming valves, and smoothing this pulsating uni- 
directional current by passing it through an inductance, 
shunted by a condenser. This converts it into a practically 
steady, high, direct voltage, whichis then applied to the plate 
of the transmitting valve. ; 
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Large glass transmitting valves are now made with bulbs 
12 in. or more in diameter. 

Tt remains to notice certain types of generating thermionic 
valve which have been developed in the United States, 

The General Electric Company, U.S.A., have produced 
various forms of high vacuum, three-electrode valve, 
christened by the name Pliotron, as mentioned already: in 
Chapter IIT. (see Figs. 73 and 7 4, Chapter III.). 

A is a high-power Pliotron used as a generator, giving out 
250 to 350 watts of power, with a plate voltage of 1,500. 

B is a smaller valve, yielding 50 watts, with a plate voltage 
of 250. 

C is a still smaller generating valve, emitting 5 watts, with 
a plate voltage of 350. 

The following details as to the large Pliotron (A) may be of 
interest : | 

The bulb and glass parts are made of a special strong heat- 
resisting glass. The globular part 1s 5 in: in diameter, and 
has two cylindrical projections. The filament is of drawn 
tungsten wire, 64 in. long. The working voltage for the 
filament is 18 volts, and the filament current 3-6 amperes. 
Hence, it takes 6-48 watts in power... The grid wire and grid 
frame are of tungsten wire. The cylindrical- anode is of 
Sheet tungsten, supported by molybdenum arms or rods. 
These metal parts are all carefully freed from occluded gas 
during manufacture. The plate voltage is normally about 
1,500 volts, but voltages as high as 5,000 volts may be used. 
The tube will give an output of 350 watts in the form of 
oscillating current. When the filament-heating current is 
3-6 amperes the thermionic or emitted electron current is 
0-5 ampere. This electron bombardment brings the anode 
cylinder to a red heat. It has to be borne in mind that a 
very small increase in filament-heating current makes a very 
much greater change (about twenty-five times) in the electron 
current. It is advisable, therefore, to keep down the tempera- 
ture of the filament in order to increase the “‘ life ”’ of the valve, 
and not to employ higher plate voltages than absolutely 
necessary to secure the desired plate current. 

3. The Material of the Filament.—Up to the present three 
types of filament have been employed in the construction of 
thermionic valves, viz., (.) hard-drawn tungsten wire, (11.) 
platinum-iridium alloy coated with oxides of barium and 
strontium, and (iii.) thoriated tungsten wire for *‘dull emitter” 
valves, | 

0 2 
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The pure tungsten is prepared by the reduction of oxide 
of tungsten by heating in a current of hydrogen. The tung- 


ta 


Fic. 113.—Three-electrode Valve with Oxide-coated Filament, as 
made by the Western Electric Company of the United States. 


sten thus obtained is in minute granules and these have to 
be welded together into a solid ingot of tungsten by alternate 
heating to a high temperature in an electric furnace, and 
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hammering to weld the particles together. The ingot so 


prepared is then drawn down into wire in the usual way. 


For the very fine gauges of wire required the material is heated 
by an electric current passed through it and drawn down 
through diamond dies at the same time. 

Since the filament-heating current in the case of receiving 
valves is generally provided by two or three storage cells, it 
is desirable to reduce the current required as much as possible. 

The use of very fine tungsten wire for the filaments of 
receiving valves has not been found to be satisfactory, as the 
filament is then very fragile and easily burnt out by a slight 
excess of heating current. | 

Nevertheless, for large transmitting and rectifying valves 
pure hard-drawn tungsten wire is the material used, 

The production of the oxide-coated metallic filaments 
obtained by coating a platinum-iridium strip with a mixture 


. of oxides of strontium and barium has already been mentioned 


in section 5 of Chapter III. The production of these oxide- 
coated filaments has been confined chiefly to the United 
States, where such oxide-coated valves have been made in 
very large numbers by the Western Electric Company. 

‘ Fig. 113 shows one such valve. he oxide-coated filament 
is in a loop form, the central point of the loop being attached 
to a small spring, which keeps it tight and flat. On both sides 
of the loop is a very open grid of ladder shape made by 
stretching horizontal wires across between two vertical wires. 

On the outer sides of these grids are two flat metal plates, 
which are the anode of the valve. , 

The ends of the filament, grid and plate are brought down 
to four pins on a collar, which fit into a corresponding socket 
and make the necessary connections. 

These valves operate with the filament running at a red 
heat, and have a long life. They have been immensely used . 
as telephone repeaters, as described in Chapter IX. 

The third type of filament is the thoriated tungsten used 
in the construction of “ dull emitter ” valves. Owing to the 
enormous vogue of wireless broadcasting and the great number 
of amateurs who receive this wireless telephony by valve ~ 
receivers, the question of the supply of current for filaments 
has become important. For those who live in towns or have 
facilities for recharging small sets of two or three storage cells 
the filament-heating presents no difficulty, but in country and 
out-of-the-way places the recharging of accumulators is a 
difficult matter, Accordingly, attention was directed to the 
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reduction of the current required so that large dry primary 
cells of Leclanché pattern could be used. 
This, however, necessitates a valve taking a very much 


G 


Fic. 1144.—Small Tubular “* Dull Fic. 1148.—< Dull Emitter” , 


Emitter’ Thermionic Three- Valve made by the British 
electrode Receiving Valve, Thomson Houston Co., Ltd. 
called a‘‘ Wecovalve,”’ as made Filament voltage, 2-5 to 3 
by the Western Electric Com- volts. Filament current, 0-06 
pany. It takes 0-25 ampere ampere. 


filament current and 0-8 to 
1-1 filament volts. 


smaller filament current than the 0-75 ampere or so required 
by the ordinary 4- or 6-volt valve. 

A solution of this problem has been found in the commercial 
perfection of the dull emitter valve with thoriated tungsten 
filament. The details of the manufacture of this type of 
filament have been mentioned in section 5 of Chapter III. 

Additional information is given in the United States Patent 
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Specification of Irving Langmuir, No. 1,244,216, which is 
fundamental. 

In the preparation of this filament, nitrate of thorium is 
mixed with the oxide of tungsten before reduction of the 
latter by hydrogen to the metallic state. The so-prepared 
thoriated tungsten, after being drawn into wire, is subjected 
to a heat treatment by raising it to 2,600° C. for a short time, 
and then lowering it to 2,000° C. 

The thorium, present to the extent of about 1 per cent., 
then seems to work its way to the surface of the wire and 
greatly increases the electron emission so that the filament 
can give the required emission at a very much lower tempera- 
ture, about a dull red heat, whence the name “ dull emitter,” 
and therefore takes a corresponding smaller filament current. 

Three-electrode thermionic valves with thoriated filaments 
are now made which require only a single dry cell of a primary 
battery giving 1-5 volts, or at least only two or three such cells 
giving 2-4 to 3 volts E.M.F. to provide the small filament 
current of about 0-06 ampere or so. These “ dull emitters ” 
have a very satisfactory life or duration if carefully used, and 
although at present more costly than the valves with plain 
tungsten filament, have the advantage that they can be 
worked with great efficiency off dry cells. 

These valves are generally made with small cylindrical 
bulbs (see Fig. 1144), and are provided with a brass collar 
which enables thém to fit into an adaptor having the usual 
four-pin connection to a socket making contact with the 
circuits for filament, grid and plate without chance of error. 

Other firms, such as Marconi-Osram Valve Company, 
make a similar valve. The last-named, called a D.E. 3 valve, 
works on three dry cells giving 4-5 volts and takes a filament 
current of 0-06 ampere. 

The plate voltage, when used as a detector valve, is from 
30 to 45, and when used as a low-frequency amplifier from 
60 to 80. Its low impedance gives it a great advantage when 
so employed. These plate volts can be provided by small 
dry cells. 

Although the filament-heating current can be furnished by 
suitable dry cells when portability is a necessity, for ordinary 
reception large wet, low-resistance Leclanché cells are most 
convenient. 

Similar dull-emitter valves are now made by all the principal 
radio manufacturing companies, such as the Western Electric 
Company, who make the above-mentioned “< Wecovalve,”’ 


200 THE THERMIONIC Vaive 


the Edison-Swan Electric Co., Ltd., and the British Thomson- 
Houston Co., Ltd. 

In the use of these valves it is necessary to bear in mind that 
the filament must not be heated beyond a dull red heat, or 
else the thorium film will be evaporated and the valve spoilt. 

4. The Exhaustion of the Bulb.—We have next to consider 
the operation of exhausting the valves on which their perform- 
ance so greatly depends. In the production of small receiving 
or amplifying valves in quantities, the valve, when received 
from the glass blower with all the elements, filament grid 
and plate sealed in, has at some convenient place on it a side 


tube by which it is exhausted. One or more of these tubes, 


according to size, are then sealed with the blow-pipe on to a 
wide bus-bar tube or manifold which has one or more side 
tubes opening out of it. By this means the exhaustion of a 
number of bulbs can go on together. The bus-tube and bulbs | 
are enclosed in a metal box, or oven heated by gas flames, 
by which the bulbs can be heated to a high temperature of 
about 1,000° F. or 540° C. The temperature of the oven is 
gradually raised to this point as the exhaustion proceeds, 
and is necessary to remove all the adhering films of air from 
the glass surfaces. | 

In addition, a small transformer is provided, one terminal of 
the secondary circuit being connected to the filaments, and the 
other to the grid and plate. Also a suitable battery and rheo- 
stat is employed to incandesce the filaments and raise their 
temperature as the vacuum is increased. 

The operation which has then to be conducted is first to 
make a RRinky good vacuum in the bulb, say of a fraction of a 
millimetre of mercury. This is achieved by reciprocating 
mechanical pumps. The bulbs are then gradually heated to 
set free the adherent air from the glass, and the filaments are 
slowly raised in temperature to extricate the occluded air from 
them and get rid of the positive ions which are emitted at low 
temperatures. The vacuum is then still further improved, say 
to 0-001 mm. of mercury pressure, and then the high-tension 
transformer is brought into operation whilst the filaments are 
incandescent. This causes an emission of electrons from the 


‘filament, and this ionises the residual air in the bulb, pro- 


ducing a blue glow in the bulb. The vacuum must then be 
increased still more whilst keeping up the incandescence of the 
filament and raising the temperature of the glass bulb almost 
to the softening point of the glass, and continuing the electron 
bombardment with the transformer. At a certain high 
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vacuum, of about -000001 mm., the blue glow disappears, and 
the grid and plate become red hot. This is due to the fact that 
as the air is removed, the electrons can expend very little 
energy in ionising air molecules, and therefore expend most of 
their energy in bombarding the metal plates which makes them 
red hot. This extricates more thoroughly from them the 
occluded air, and the process must be continued until it is all 
removed, so that the valve will stay “hard” after it has 
cooled and been put to use. The vacuum which should then 
exist is near 0-00001 or 0-000001 of a millimetre of mercury, or 
about one hundred-millionth to one thousand-millionth of an 
atmosphere or even less. 

The transformer by which this electron bombardment is 
conducted must give a voltage higher than the plate voltage 
which is applied to the valve when in use. 

This bombardment should not be begun until the vacuum is 
very high, because the ionisation of the residual air produces 
Massive positive ions which are drawn back on to the incan- 
descent filament and help to destroy it. 

In fact, one of the difficulties of valve making is that the 
filaments have to be so maltreated during process of manu- 
facture, and hence there is a risk of shortening their useful lives. 

9. Methods for Producing High Vacua.—It is customary in 
lamp and valve factories to conduct this exhaustion by several 
kinds of pump. Inthe first place a vacuum ofa fraction of | mm. 
of mercury pressure is made by reciprocating pumps of no great 
refinement, and such a vacuum can be laid on by pipes to the 
working benches, and is hecessary as a preliminary stage in 
bringing into operation pumps of a kind which carry the 
vacuum much higher, such as the “ Box ” pump, the Gaede 
or Holweck molecular pump, or mercury condensation pumps. 
These, again, have to be supplemented by other devices for 
reaching the highest vacua necessary, such as the beautiful 
charcoal and liquid air process of Sir James Dewar. 

It had been known for a long period of time that charcoal 
has unique power of absorbing gases and vapours.  Pro- 
fessors Tait and Dewar in 1874-75 were the first to recognise 
and take advantage of this property to make a vacuum by 
heating charcoal and then allowing it to absorb the residual 
gas in a bulb.! Crushed charcoal presents an enormous 
surface for absorption. A cubic inch of charcoal cut into 


* See a paper by these authors in the Proceedings of the Royal Society 
of Edinburgh, 1875, vol. viil., p. 348; also Nature, 1875, vol. xii., p. 217, 
** On a New Method of Obtaining very Perfect Vacua.” 
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small cubes with edges 54,5 of an inch in size would offer a 

surface of about 73 square ft. for absorption. 
In the course of his investigations on liquid air Sir James 

Dewar discovered that this absorptive power of charcoal 
for gases is enormously increased if the 
charcoal is cooled in liquid air. The most 
effective charcoal for this purpose 1s 
that made by carbonising fragments of 
cocoanut shell, which is heated in a 
closed vessel, at first slowly and then 
to gradually increasing temperatures. 
At the temperature of liquid air (= — 
185° C.) such carbon absorbs 10 to 12 
times the volume of nitrogen or oxygen 
that it will do at normal temperature. 
One gramme of cocoanut charcoal pre- 
pared as above will absorb at — 185°C. 
about 350 to 400 c.c. of air. 

The process, therefore, of making a 
high vacuum by this charcoal method 
is as follows: Cocoanut charcoal is 

crushed into granules about the size of 
small shot, and a certain bulk of this, 
depending on the size of the vessel to 
be exhausted, is sealed up in a glass 
bulb, which is connected by a T-jomt 
with the vessel to be exhausted and 
Fra. 115.—Sir James with a mechanical pump which will 
Dewar’s method of 


making a High Vacuum 
by the absorption 
effected by charcoal 
cooled in liquid air. A 
is the liquid air con- 
tained in a vacuum 
vessel, B, and C is the 
charcoal in the bulb. 


make a vacuum of at least 0-001 mm. 
During this first exhaustion the vessel 
to be exhausted and all its contents 
should be heated to a high tempera- 
ture and the charcoal also heated. 
This being done, the side tube leading 


to the pump is sealed off, but leaving 

the charcoal bulb in connection with the nearly exhausted 
vessel. When all is cool the charcoal bulb is immersed in 
liquid air and left there for about an hour. The cooled charcoal 
will remove the residual gases and greatly increase the vacuum. 
The arrangements necessary for exhaustion by this method 
are shown in Fig. 115, which is taken with slight modification 
from Sir James Dewar’s British Patent Specification, No. 


' 13,638, of June 16th, 1904, for this invention.? 


1 This British patent, which would in ordinary course have expired in 
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Sir James Dewar applied this process also to the separation 
of the rarer constituents of the air—yviz., neon, helium, krypton, 
etc.—trom the more abundant oxygen and nitrogen. Charcoal 
exercises a selective absorption, and when normal air is passed 


over charcoal cooled to — 185° C. the portions not absorbed 
are richer in these rarer 


gases because they are less 
absorbed than oxygen and 
nitrogen. Hence, by re- 
peating the process, the o 
neon, helium and krypton 
may be obtained in a con- 
centrated form and free from 
excessive dilution by oxygen 
and nitrogen. 

Whenever a liquid air 
plant is available, this 4 ‘ F 
charcoal vacuum process is 


ra 8 
much the most convenient } 
way of obtaining a very high. ‘ a \\a 
vacuum. Using a tube con- 
taining only 1 gram of char- MidB 
coal connected to a vessel of ——s 
300 c.c. capacity and making Gy 
a preliminary vacuum of | Wy 
to 2 mm. in the vessel, and [ 
then cooling the charcoal to 
— 185° C., the pressure in | ass; 


the vessel was reduced to 
0-00005 mm. in one hour. 
The high-vacuum mer- 
cury pump invented by Dr. Irving Langmuir operates some- 
what on the principle of the steam injector.2 If a stream of 
gas or liquid issues from a jet the air in its neighbourhood 
partakes of its motion to some extent, and in accordance 
with the principle that where velocity is greatest pressure is 
least, the air pressure in the vicinity of the jet is reduced. This 


Fie. 116.—Irving Langmuir High 
Vacuum Boiling Mercury Pump. 


1918, was granted extension for five years. The United States equivalent 
patents are No. 815,942, dated March 27th, 1906, and No. 879,129, dated 
February 11th, 1908. ~ 

1 See Prof. H. E. Armstrong, ‘‘ Low Temperature Research at the Royal 
Institution, 1900-1907,” Proc. Royal Institution, vol. xix., Part Lp: 362: 
1911, Hodgkin’s Trust Kssay. 

* See Irving Langmuir, “On a High Vacuum Mercury Pump of Extreme 
Speed,” Physical Review, 1916, vol. viii., Series ITI., p. 48. 
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has been applied in the construction of a vacuum pump as 
follows : 

A vessel of glass or irou, A (see Fig. 116), contains mercury, 
which is made to boil by a source of heat.’ The mercury vapour 
rushes up the tube, B, and issues from a jet, P, which is placed 
just within another tube, H, having an enlargement like a 
paraffin lamp chimney. 
Around the tube, B, 
there is a second en- 
closure, #, which com- 
municates by a tube, 
F, with a trap, G, and 
with the vessel, V, to 
be exhausted. The 
tube, H, with bulbous 
enlargement, is. sur- 
rounded by a water 
jacket, J, to keep it 
cool, and the tube, C, 
terminates in a pear- 
shaped condenser, D, 
which is in communi- 
cation by a tube, N, 
with some form of 
mechanical pump, 
making a low vacuum. 

The mercury in A 
_ therefore boils under 
reduced pressure. 
When the mercury 
vapour rushes out of 
the jet, P, it sucks air 
from the space, #, and 

TENT carries it up into the 

Fic. 117.—Metal-constructed Langmuir Boiling egndenser. D. where it 
Mercury Condensation Pump. : mek 

| is removed by the 

mechanical pump. The mercury vapour condenses in H and D 

and falls back into the boiler, A. Hence, there is a con- 

tinual aspiration of air from the space, #, and from the vessel, 

V, being exhausted. If a good mechanical pump is employed 

to keep a fairly good vacuum of about -001 or -002 mm. in 

the mercury pump the latter will soon produce a very high 

vacuum in the vessel to be exhausted. The whole of the 

mercury pump is best made of iron, the parts being made to 
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screw together. The General Electric Company of America 
have made a number of these pumps, and they are in ex- 
tensive use at various factories for lamp and valve exhaustion. 

The Langmuir boiling mercury pump is now also constructed 
entirely of metal, and the boiling of the mercury effected by 
means of an electric resistance heating wire. 

A view of this recent form is shown in Fig. 117. 

Various modifications of this boiling mercury pump are in 
use in factories for valve manufacture. 

In one form much used in some factories it consists of a 


Fig. 118.—A Simpler Form of High Vacuum Boiling Mercury Pump 
used in valve factories. 


steel flask, F, of thin welded sheet steel, which has an exit 
pipe at the top and a side tube, N, entering it about one-third 
of the way up (see Fig. 118). The top tube is connected to a 
mechanical pump making a vacuum of about 0-002 mm., 
but between the mechanical pump and the mercury pump 
must be inserted some trap, C, for stopping the passage of 
mercury vapour. ‘This may consist of a long tube kept cold 
and filled with copper turnings. 

The steel flask has about 1 Ib. of mercury put in it, and 
this is caused to boil by a lamp, B. The mercury boiling 
under reduced pressure rises in the form of mercury vapour 
and carries with it air molecules entering by the side tube 
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from the vessel to be exhausted. The mercury vapour 
condenses in the cold upper part of the flask and falls back 
again. Hence, there is no loss of mercury. Between the 
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Fic. 119.—Section of a rotating “ Box” or Oil Pump. 


side tube and the vessel to be exhausted a trap vessel, 7, 
placed in liquid air, V, must be inserted to prevent any 
diffusion of mercury vapour into the vessel being exhausted. 
The connections are shown in Fig. 117. 

Another form of high-vacuum pump is commonly called the 
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“ Box” pump. It consists of a cylindrical box in which is 
placed eccentrically a solid metal drum from shits, in which 
project two blades forced outwards by springs (see Fig. 119). 

The drum is caused to rotate rapidly on a shaft to which 
it is attached, and as it 
rotates the blades sweep 
the air in front of them 
from the air inlet side 
to the outlet side. The 
rubbing surfaces are kept 
air-tight by a liberal 
supply of oil. This pump 
requires an auxiliary 
piston pump to make 
the initial vacuum. 

A very excellent type 
of reciprocating pump is 
the “Geryk,’ made by 
the Pulsometer Engi- 
neering Company, which 
has lately been so far 
improved that it is said 
to be able to make a 
vacuum of one-millionth 
of a millimetre of mer- 
cury. 

The diagram in Fig. 120 
shows a section of the 
Geryk pump. It will be 
seen that when the piston 
is at the bottom of the 
cylinder, the ports, G, 
communicating with the 
vessel to be exhausted 
by the pipe, P, are open. 
As the piston rises it 
passes these ports and 
pushes the air above it | 
upwards. The top of the cylinder is closed by a lid kept 
pressed down by a spring, through which the piston moves 
air-tight. The lid is kept flooded with oil. The piston at 
the top of its stroke slightly overruns the cylinder and opens 
this lid and forces out the air through the oil. Then when 
the piston begins to descend the lid closes, and when the 


Fie. 120.—Section of the Cylinder of a 
Pulsometer High Vacuum Pump. 
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piston repasses the ports a fresh charge of air from the vessel 
expands into the vacuous space above the piston. | 
A general view of this Geryk high-vacuum pump is given 
in Fig. 121. Itis called the R.L. type. The vacuum obtained 
by this pump is far below the vapour pressure of the oil used 
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(Courtsey, Pulsometer Engineering Co., Ltd.) 
Fia. 121.—General view of the R.L. Geryk High Vacuum Air Pump. 
in it. This vapour, is in fact, collapsed at every stroke by the’ 
resistance of the delivery valve. 
The pump works at 100 strokes a minute, and under favour- 
able conditions a vacuum of -00001 of a millimetre is obtained 
without difficulty. 
The pump is driven by a flywheel and winch, or it can be 
rotated by an electric motor. 
An interesting type of high-vacuum pump was invented 
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by Dr. W. Gaede and described by him in the Annalen der 
Physik, vol. xli., p. 337, 1913, or in his United States Patent, 
No. 1,069,408, August 5th, 1913. 

,The principle of the pump can be understood from the 
diagram in Fig. 122. A cylindrical mass of metal, A, revolves 
in a closed chamber, the axle passing air-tight through bearings. 
Let a small partition project from the casing and nearly touch 
the cylinder. Then, if the latter revolves quickly, it will 
carry air with it, owing to the viscosity of the air and the 
adhesion of the air to the cylinder and to adjacent layers of 


Fra. 122.—Sections of a Gaede Molecular Pump. 


air. Hence, if two openings, m and n, are made, one either 
side of the partition leading to two chambers, the air in one 
will be slightly rarefied and in the other slightly compressed. 
Then let another such pump be joined to the first, so that 
the exhaust side of one pump is connected to the compression 
side of the other, and we shall add the pressure difference. 
By forming a number of grooves in a metal barrel into which 
projections from the fixed casing descend and cross-connecting 
the spaces of reduced and increased pressure for such element, 
we construct what is, in fact, a chain or cascade of pumps, 
each making a slight decrease, step by step, in the pressure 
gradient. In this manner we can reduce the air pressure in a 
vessel indefinitely if connected to the last or least pressure 
channel in the above pump. Instead of stepping down from 
atmospheric pressure it is more convenient to use a good 
ye P 
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piston pump to evacuate the bulk of the air, and then reduce 
by the Gaede pump the pressure to the required limit. 

It is necessary to insert between the object to be exhausted 
and the Gaede pump a liquid-air trap to condense all vapours. 
Also drying tubes of phosphoric pentoxide must be inserted 
in the circuit to prevent any water vapour finding its way 
back. By long-continued heating and pumping with the 
Gaede pump it is possible to reduce the air pressure in the 


Fic. 123.—General view of a Gaede Mercury Pump. 


bulb to be exhausted to 10-8 or even 10-8 of a millimetre of 
mercury. 

In addition to this molecular pump, Dr. W. Gaede 
invented a rotary mercury pump with which high vacua can 
be obtained, provided that an auxiliary pump is employed 
to give a good vacuum of about 1 mm. pressure or so.* 

It consists of an iron vessel half-filled with mercury in which 
a porcelain drum rotates. During the rotation the chambers 
into which the drum is divided are filled alternately with air 
and mercury. These chambers at first suck air from the 
vessel to be exhausted, and then during further rotation expel 


1 British Patent Specification of W. Gaede, No. 17,741 of 1906, or U.S.A. 
Patent. No. 852,947. 
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it. The action is somewhat like that of a gas meter worked 
the reverse way. In the gas meter the gas causes rotation 
of certain parts, and in the pump the rotation of parts of it 
removes or displaces air. 

Fig. 123 shows a general view of the pump, and Fig, 124 
sections of it. 

The front of the iron casing is closed by a thick sheet of 


Fre. 124.—Sections showing structure of a Gaede Mercury Pump. 


glass from the centre of which a tube is led out connected to 
the vessel to be exhausted. The pump is filled with mercury 
up to a little above the central point. The movable drum is 
rotated by an axis which passes air-tight through a gland 
packed with mercury. The inside of this drum js divided 
into three cavities by certain partitions, and there are three 
holes in the front side communicating with a frontal cavity 
into which the inner curved-up end of the exhaust tube 
projects. As the drum is rotated air is drawn through this 
exhaust pipe and through the holes into one of the spaces 
above the mercury in the drum. As the drum continues to 
rotate, this air is carried_round and forced out into the outlet 
tube, and is removed by the action of the auxiliary pump. 

This mercury pump is said to be able to exhaust a 6-litre 
flask down to a vacuum of 0-00001 mm. of pressure in fifteen 
minutes, but the drawback to it is the large quantity (45 lbs.) 
of mercury required. 

An ingenious modification of Gaede’s molecular pump has 
been invented by M. Holweck, which is constructed as follows : 

P 2 
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A smooth metal cylinder or drum is caused to revolve at 
a high speed in the interior of a closed hollow metal cylinder. 
This outer casing has shallow spiral grooves in it, one right- 
handed and the other left-handed, proceeding from a central 
point to the outer covers. The smooth drum just has clearance 
enough to permit it to be revolved at a high speed in the 
interior of the grooved casing. A pipe communicates with 
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(Courtesy, Radio Electricité.) 
Fie. 125.—Section of the Holweck Molecular Pump and Driving Motor. 
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the central point from which the grooves start, and to it the 
vessel to be exhausted is connected (see Fig. 125). 

An auxiliary pump is connected to the closed casing at 
a point near the end covers. The drum runs on a shaft in 
ball bearings, and this shaft has on it the rotor of a 2-phase 
alternating current motor, the stator being on the outside of 
the casing. Hence, no glands or air-tight shaft apertures are 
needed. The drum can be rotated at 4,500 R.P.M. by means 
of 2-phase current supplied from a small rotary converter, 
and the power required is only about 10 watts. 

The operation is as follows: When the drum revolves, the 
molecules of air in the spiral groove strike the drum, and are 
therefore given a velocity in the direction of rotation which 
continually sweeps the air from the central point to the outer 
ends of the spiral groove, where it is removed by the auxiliary 
pump. If this last rough pump gives a vacuum of only 
10 mm. Hg the Holweck pump will carry the vacuum at the 
exhaust pipe down to 0-:0001 mm., or with a preparatory 
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vacuum of 1 mm. will reduce it to one-millionth of a milli- 
metre of mercury. 

The general appearance of the pump and its rotary converter | 
are shown in Fig. 126. 

So efficient and rapid is this type of molecular pump that 
the employment of liquid air traps or charcoal cooled in liquid 
air is unnecessary. The working costs are low, and the pump 
is easily cleaned and gives no trouble in working, 

The mere exhaustion of the bulb by some form of high- 
vacuum pump is, however, quite insufficient, when taken 


ab 


(Courtesy, Mullard’s Radio-Valve Co., Ltd.) 
Fic. 126.—Two-phase Generator and Motor of the Holweck Pump. 


alone, to produce the vacuum which will stay constant when 
the cathode or filament of a thermionic valve is heated. For 
this purpose prolonged heating of the bulb and its contents 
to a temperature of 500° or, better, 700° C. is necessary. If 
this temperature is sufficient to soften the glass and possibly 
collapse the bulb under the external atmospheric pressure, 
then the bulb must be enclosed in a vacuum furnace, in which 
the requisite temperature is produced by electric-resistance 
heating. Such a furnace may be constructed with a cast-iron 
cylinder closed at the bottom and flanged at the top, with a 
cast-iron lid planed on one side to fit air-tight, with a red-lead 
joint on the cylinder flange. This cylinder should be lined 
with a silica or alundum tube. In the interior must be fixed 
heating spirals or loops of nichrome wire, the ends of this wire 
being brought out air-tight through red lead and asbestos- 
packed glands in the lid. The lid has also a gland through 
which passes, air-tight, the glass tube leading to the bulb to 
be exhausted. The cylinder should be well lagged with heat- 
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insulating material, such as slag wool. By passing a suitable 
electric current through the nichrome wire it can be raised to 
a red heat and will soon bring any object in the cylinder to 
700° G. This furnace is kept exhausted by some form of rapid 
mechanical vacuum pump, such as a “ Geryk” pump, made 
by the Pulsometer Engineering Company of Reading, England. 
This vacuum need not be very high. It is simply tended to 
remove the greater part of 
the air pressure from the 
outside of the heated glass 
bulb. 

The exhaustion of the ther- 
mionic bulb must therefore 
be accompanied by this 
heating of the glass, and by 
electron bombardment of the 
metal parts included in the 
bulb, as already described, 
until all traces of blue glow 
disappear from the bulb, when 
a voltage is applied between 
filament and plates at least 
50 per cent. higher than the 
plate voltage which will be 
used in working the tube. 

6. Vacuum Gauges. — The 
exact measurement of the air 

Fig. 127.—The McLeod Pressure pressure in these high vacua 
Gauge. is a matter of some difficulty 
and yet important. 

The McLeod low-pressure gauge is very commonly employed 
for this purpose. It consists of a glass bulb, B (see Fig. 127), 
which terminates in a narrow tube, D, closed at the top. 
The bottom of the bulb has a tube attached to it with a flexible 
tube leading to a mercury reservoir, R, which can be raised 
or lowered. Just below the bulb a side tube, S, branches off 
and passes up above the bulb leading to#the vessel to be 
exhausted. When the mercury reservoir is raised the mercury 
rises and cuts off connection with the side branch and finally 
compresses all the rarefied air in the bulb, B, up into the 
narrow tube, D. The instrument maker furnishes the ratio 
of volume of the bulb to that of 1 cm. or 1 mm. of length of 
the closed tube leading from the top. When the volume ot 
rarefied air in the bulb is compressed its pressure is thereby 
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increased inversely as the reduction in volume. At the same 
time the mercury rises in the side tube which is in connection 
with the vessel being exhausted. Hence, we can see at a 
glance the difference in level of the mercury in the side tube 
and in the tube into which the air in the bulb has been com- 
pressed. Since we can observe the reduction in volume of 
this air we know its increase in pressure. Suppose, for 
instance, that the residual air in the bulb is reduced to tod00 


PPL OT 
aseesecee 


PEA IRI LAL 
Sectrierperes 


se sees 


part of its original volume, and that the difference in its 
resulting pressure and that in the side tube is 20 mm. Then 
the air in the vessel being exhausted has been reduced to zobo0 
of 20 mm., or to 0-002 mm. pressure. 

Dr. Langmuir has designed a very ingenious low-pressure 
gauge depending upon the reduction of gas viscosity when 
the pressure is reduced below a certain limiting value (see 
Physical Review, April, 1913, p. 337; see also United States 
Patent Specification, No. 1,126,233, of March 8th, 1913). 
Inside a glass vessel is pivoted a thin aluminium disk fixed on 
a steel or tungsten shaft. The disk has a magnet fixed to it. 
The vessel is placed in the interior of a closed iron ring wound 
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with coils like a Gramme ring (see Fig. 128). This ring is 
supplied with current at six points and by a commutator 
rotated by a motor the current is supplied to the coils in 
succession, so as to create in the interior of the ring a rotating 
magnetic field. The aluminium disk is thereby caused to 
rotate rapidly. Above this disk is suspended by a quartz 
fibre a mica disk, and the viscosity of the air causes the rotating 
aluminium disk to carry the mica disk along with it as far 
as the elasticity of the fibre allows. This mica disk has a 
mirror attached to it, so that by the displacement of a ray of 
light reflected from the mirror we can measure the angular 
displacement of the mica disk. When the air pressure is 
much reduced, say below 0-01 mm., the drag on the mica 
disk begins to be reduced, and below that pressure the drag 
falls off almost proportionately with the pressure. Hence, 
the arrangement can be graduated as a low-pressure gauge 
by noting the angular displacement of the mica disk when the 
aluminium disk is rotating at a known constant high speed, 
say, 10,000 R.P.M. A form of gauge for measuring vacua 
below 10-3 mm. of mercury, called an. “ ionisation mano- 
meter,” has been proposed by O. E. Buckley. The vacuum 
is measured by the number of positive ions produced by the 
thermionic emission from an incandescent filament in a fixed 
time. 

In a recent paper on the production and measurement of - 
high vacua (see Physical Review, July, 1918) J. E. Shrader 
and KR. G. Sherwood, of the Westinghouse Research 
Laboratory, U.S.A., describe a form of absolute manometer 
designed by Professor Martin Knudsen, of Copenhagen, in 
1910 (see Annalen der Physik, vol. xxxii., p. 809, 1910). 

This gauge consists of a strip of platinum or tungsten 
which can be heated by an electric current. In front of this 
strip and about 1 mm. from it is suspended by a torsion wire 
a flat strip of metal foil, having a mirror attached to it. When 
the strip of platmum is heated it repels the suspended foil 
by radiometer action, and this repulsion can be measured in 
absolute units by simple and known means. The repulsion 
depends upon the gas pressure and upon the absolute tempera- 
tures 7, and 7’, of the strip and the foil. | 

If P is the gas pressure in dynes per square centimetre and 
K is the repulsion in dynes, then Knudsen showed that 
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This formula does not hold good for pressures above 0-003 mm. 
of mercury, but it enables an absolute manometer to be con- 
structed for low pressures. For details the reader is referred 
to an article in Hnginecring for December 13th, 1918, p. 686. 
7. Metal-glass Bulb Valves.—A very important Improve- 
ment in large valve construction of late years has been the 


Fig. 129.—Metal-glass Water-cooled Thermionic Valves, in which the metal 
part of the bulb forms the anode or plate of the valve. 


construction of valves with bulbs partly of glass and partly 
of copper, as already mentioned in Chapter IT, 

In these high-power valves a copper or copper-plated 
nickel tube closed at one end forms the anode or plate of the 
valve. This may be jacketed externally with a water-cooling 
cylinder as shown in the right-hand illustration in Fig. 129. 
The glass portion of the bulb which is sealed to the copper 
tube carries the sealing-in wires and the grid in the form of 
a cylinder of metal gauze or spiral of wire, and the loop 
filament of stout tungsten wire. Several years ago Mr. 


218 THE THERMIONIC VALVE 


W. G. Housekeeper, of the Bell Research Laboratory of the 
Western Electric Company, U.S.A., endeavoured to cheapen 
the production of telephone switchboard lamps by the use of 
copper wire in place of platinum for sealing-in wires, and 
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Fic. 130.—A Copper Thimble Tube with sharp edge sealed 
to a glass tube for valve construction. 
found that copper wire could be sealed vacuum-tight to glass 
by giving it a certain form of section. 

The copper anode is in the form of a large thimble, which 
for the 10-kilowatt valve is 14 in. long and 3-5 in. diameter, 
spun up out of a copper disk. The open end has a knife edge, 
and is sealed to a glass part, which carries another inset glass 
tube through which connections to filament and grid are sealed. 
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Fro. 131.—A Metal-glass Bulb Thermionic Valve of which the 
metal part forms the anode. 


The general structure will be understood from the illustra- 
tions in Figs. 130 and 131. 
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In the 10-kilowatt valve, as made by the Western Electric 
Company, the filament-heating current is 24-5 amperes 
supplied at 32 volts. The plate voltage is 10,000 volts, and — 
the total losses are 5 kilowatts for an output of 10 kilowatts 
in the external anode circuit. 

A similar valve giving an output of 100 kilowatts, has been 
developed. The General Electric Company of U.S.A. have 
also developed on the same lines a 20-kilowatt tube. The 
copper anode is a tube 8 in. long and 1-9 in. in diameter. The 
filament is a loop of tungsten wire 0-04 in. in diameter, and the 
heating current taken is 50 amperes at 20 volts, or 1 kilowatt 
in power. The anode voltage is 15,000. The cooling water is 
supplied to the water jacket at the rate of 2 to 3 gallons per 
minute. 

Because of the capability of dissipating a large amount of 
power from the water-cooled anode, it is possible to make its 
surface smaller and the direct anode voltage higher than in a 
glass bulb valve. This enables us to overcome the so-called 
space charge effect, which is the limitation of anode current 
due to the mutual repulsion of the electrons. We are thus able 
to obtain a higher efficiency. In the above-described 20-kilo- 
watt valve, this is 75 per cent. or 70 per cent. if we include the 
filament heating power. 

Another important advance is that very high power genera- 
tors can be made on this principle in which no grid is required, 
but a return made to the simple two-electrode Fleming valve. 

If a metal bulb valve has a simple straight filament of 
tungsten wire, or rather rod, which is rendered incandescent 
by a high-frequency alternating current, then, in accordance 
with principles already explained, the magnetic field of the 
filament-heating current will prevent the electrons emitted 
reaching the plate at those instants when the filament current 
is at its maximum value. At the times when the filament 
current is zero, the electrons reach the anode. It will then be 
clear that the alternating current in the filament can generate 
pulsations in the anode current when the latter is maintained 
at a high potential by some source of direct voltage. 

By separating out the direct part from the alternating part 
of the plate current by a transformer, we can obtain an alter- 
nating current of twice the frequency of the filament-heating 
current. We can in this manner use such a valve to multiply 
up frequency. A filament-heating current of a frequency of 
10,000 could be supplied by an alternator, and this, coupled 
with a valve, would give a current of a frequency of 20,000, 
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corresponding to a wavelength of 50,000 ft., or nearly 15,000 
metres very suitable for long-distance wireless telegraphy. 

The same alternator which supplies the filament-heating 
current can also supply an alternating current which, when 
rectified by one or more Fleming valves, can furnish the direct 
high voltage required for the anode of the generating valve. 

The General Electric Company of U.S.A. have developed 
a very large two-electrode generator of this type of 1,000 
kilowatt power, which has been named a magnetron. The 
tungsten filament is heated by a current of 1,800 amperes at a 
frequency of 10,000. The filament is 22 in. long, and 0-4 in. 
in diameter, and the heating power is about 20 kilowatts. 
The copper water-cooled anode is 30 in. long and 1-75 in. in 
diameter. Such a tube could supply an alternating current of 
20,000 frequency, and giving a power of 1,000 kilowatts with 
an efficiency of 70 per cent. 

8. Silica Bulb Valves.—Owing to the fragility and liability 
of large glass bulbs to crack under high temperatures, great 
attention has been paid to the development of silica bulb 
valves, in which the above disadvantages are not present. 
The production of high-power valves with silica bulbs was 
described by Mr. H. Morris-Airey in a paper to the Institution 
of Electrical Engineers of London, in 1913. 

Transmitting valves up to 24 kilowatts output have been 
made with silica bulbs. The filaments are rendered incandes- 
cent by a current of 20 amperes at 36 volts. The thermionic 
current obtained was 3-5 amperes with a plate voltage of 
7,000 to 10,000 volts. 

These valves were found to have a satisfactory life of 1,000 
hours or more, and owing to the non-cracking qualities of 
silica, the anode cylinders can be run up to a red heat if 
required, and the bulbs could be kept cool by an air blast. 
One of the advantages of silica as against glass is that the bulbs 
can be opened for replacement of the filament and then 
resealed. 

The sealing in of the leading wires presented a difficulty, as 
platinum cannot be used as with glass bulbs. The plan 
ultimately adopted was a molybdenum wire sealed into a silica 
tube by means of lead. These seals are found perfectly satis- 
factory up to a current-carrying capacity of 20 amperes. 

In the manufacture of the valves, higher temperatures can 
be employed in their baking and during bombardment, owing 
to the softening temperature of silica being so much higher 
than that of any type of glass. 
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The manufacture of 
silica bulb valves has 
~ been brought to great 
perfection by the 
Mullard Radio-Valve 
Co., Ltd. In Fig. 132, 
is shown a view of 
one of their silica trans- 
mitting valves. The 
fialment current for 
this valve is 40 amperes 
supplied at 18 volts. 
The anode or plate 
voltage is 10,000 to 
15,000 volts, and the 
total thermionic cur- 
rent 3 amperes. The 
life of the tungsten . 

|. filament is 1,200 to 
1,500 hours, and when 
burnt out it can be 

replaced. ; 

9. Dismountable ‘ 
Valves. — Another 
method of overcoming 
the difficulty due to 
the premature sacrifice 
of a transmitting 
valve by the burning 
out of its filament has 
been met by the bold 
expedient of M. Hol- 
weck in constructing 
a dismountable ther- 
mionic valve which 
can be taken to pieces 
and its filament re- 
placed when required. 
The obstacle to this 
procedure which has 
stopped previous in- 


ventors is that no form 


Fic. 132.—Silica Bulb Transmitting Ther- of mechanical joint has 


mionic Valve made by the Mullard Radio- ; ; ; 
Valve Go Tita! : yet been devised which 
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will permanently maintain a hi 


such joint. M. Holweck has 
overcome this difficulty by con- 
necting such a dismountable 
valve directly to one of his 
molecular pumps, which is 
capable of maintaining a high 
vacuum, even against the una- 
voidable slight air leaks at the 
joints. 

He then constructs a ther- 
mionic valve with water-cooled 
external metal anode forming 
part of the bulb, and joins to 
this a glass portion by a me- 
chanical joint made tight with 
arubber washer. The glass part 
is necessary to insulate the 
filament terminals from each 
other and from the grid ter- 
minal. This valve can then 
be taken to pieces to renew 
the working paris. In use it 
is mounted on a Holweck 
molecular pump which speedily 
produces and maintains a high 
vacuum in the bulb all the 
time the valve is in operation. 
A view of the dismountable 
valve is shown in Fig. 133. 

In Fig. 134 is shown a view 
of the dismountable valve on 
the molecular pump being 
exhausted. 

10. The Design of Three- 
electrode Valves.—The impor- 
tant question of the design of 
thermionic valves has next 
to be considered. 

The demand for valves of 
various types with definite and 
well-ascertained performance 
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(Courtesy, Radio Electricit 8.) 
Fic. 133. — Holweck Dismountable 
Thermionic Valve. G is the grid, 
Ff the tungsten filament, B the 
glass insulating part, and K the 
exhaust tube. 


caused much attention to be given to this subject of design 
during the war, and Many very able investigators were engaged 
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exhaust pump, 
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uponit. Hence much information of great value was accumu- 
lated. 

An important contribution to the subject was made in 
researches carried out in the Cavendish Laboratory, Cam- 
bridge, in 1918, which have been described by Mr. G. Stead. 
In this paper a very useful chart is given of the temperature 
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Fia. 135.—Temperature Characteristics of Tungsten Filaments (G. Stead). 


IS00°K 


characteristics of pure tungsten wire as used for valve filaments. 
The fundamental quantities are: (1) filament length (I); 
(2) voltage at the terminals (EZ); (3) filament resistance (de); 
(4) filament diameter (d) ; (5) candle-power (P); (6) electronic 
emission (¢) ; (7) filament current (1) ; (8) filament watts (W). 


* See Journal of the Institution of Electrical Engineers, vol, 58, p. 107> 
January, 1920, 
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There are certain ratios of these quantities which at a given 
temperature are constant, viz. : 3 

ees, Evdl=£, Rel = PF 
Wid=W', Pid=P', - ayld=v. 

These ratios are functions of the temperature, and in the 
chart in Fig. 135 they are plotted in terms of the absolute 
temperature 7”. 3 

The following statements are true for pure tungsten fila- 
ments of different diameters brought to the same temperature. 
(1) The filament cur- 


diameters. 

(2) The voltages per 
centimetre of length 
are in the inverse ratio 
of the square roots of 
the diameters. 

(3) The resistances 
per centimetre are in 
the inverse ratio of the 
diameters. 

(4) The watts per 
centimetre are  pro- 
portional to the dia- 

1006 se meters. 

r eee eer Y aA : (5) The electron 

Fig. 136.—Distribution of temperature emissions per  centi- 

along a tungsten filament 0:00875 metre are proportional 
SEL Nae to the diameters. 

The temperature of 2,600° K. on the chart corresponds to 
about 0-5 watt per candle-power. The curve given for watts 
per candle-power in terms of temperature in this chart only 
applies to high-vacuum tungsten filament lamps, and not to 
gas-filled lamps. Thus, for instance, a filament of such a lamp 
worked at 1 watt per candle-power has a temperature of 2,300° 
absolute, and its electron emission is 0-68 ampere per square 
centimetre of surface. This, of course, means the saturation 
thermionic current. ) 
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rents are in the ratio 
of the 3/2 powers of the 


In the case of valve filaments, especially of receiving valves — 


in which the filament is short, there is an important correction 
for the cooling which takes place at the ends, owing to the con- 
duction of heat out of the filament by the leading-in ‘wires. 
The ends, therefore, are at much lower temperatures than the 
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central portion. The curves in Fig. 136 show the variation of 
temperature with distance from the end for a tungsten. fila- 
ment 0-00875 cm. in diameter. 

The result of this cooling-off at the ends is to cause great 
inequality in temperature and in emission per centimetre of 
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Frc. 137.—Effect of cooling due to leads on emission from Tungsten 
Filament 2-4 cms. long and 0-0058 cm. diameter (G. Stead). 


length in short filaments. Thus the curves in Fig. 137 show 
the great falling off in electron emission at the ends of a fila- 
ment 2-4 cm. long and 0-0058 cm. diameter for two tempera- 
tures. 

Mr. Stead gives in the paper above mentioned rules derived 
‘from experimental data for the design of valve filaments 
which are applicable for filament temperatures of 2,000° K. to 
2,500° K., and for filament diameters 0-0035 to 0-012 em. 

We assume a certain absolute temperature for the central 
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portion of the filament between these limits, and then follow 
the rules below :— : 

(a) Subtract 350 from the absolute temperature of the 
central portion of the filament, and divide the result by 
2,500. . 

(6) Subtract the filament diameter (in centimetres) from 
0-0088 cm., and multiply the result by 100. 

(c) Subtract (6) from (a), and add the result to the required 
given overall filament voltage. 

(d) From the curves in Fig. 135, and from the known filament 
diameter find the value of H/l for the given temperature. 
Then divide this into the result of (c). This gives the filament 
length. . 

(e) Multiply “the length of the end” by 1-20, and subtract 
the result from the filament length found by (d). Let the 
result be U’. 

(f) Find the electron emission corresponding to reduced 
length, 1’, by means of the curve for i/Id in Fig. 135. 

For example, let there be a 4-volt filament of diameter 
0-0058 cm., with temperature of central portion, say, at 
2,390° K. Required to find the length and the emission, 

By (a) (2,390 — 350)4/10,000 = 0°816, 

By (b) (00088 — 0-0058) x 100 = 0:3. 

Hence, we have 4-816 — 0:3 = 4-516. 

From the curves we find #/] = 2-073, and hence 1 = 4-516 — 


, 2 Uist o. Cm; 


“The length of the end” is 0:92 cm., and 2:18 — 
(0-92 x er Re 

Now; store? 390-1 i23/be=1025 <= nil iamperes/densiteeam 
Hence, 10-3 x 1:08 = 11-1 milliamperes. This gives us the 
total length and the total emission for this 4-volt filament 
of given diameter. 

By the term “length of the end” is meant that length at 
the end of the filament in which the temperature is eae 
less than at the centre. 

For a second example, Mr, Stead takes the case of a 6-volt 
filament of 0-01 cm. diameter with central part at 2,500° K. 
required to find the length and emission. 

By (a) (2,500 — 350)4/10,000 = 0°86. 

By (6) (00088 — 0-01)100 = — 0-12 and 6-86 + 0:12 =6-98. 

For this temperature (2,500° K.) and diameter (0-01 cm.) 
the value of #/l = 1-79 from the curves in Fig. 135, Hence, 
L=:3-9 cm. Also the length of the end = 1:39 and 1:39 x 
1-2 = 1-67 and 3-90 — 1-67 = 2-23. 
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For this temperature and diameter 7/] = 52-2 from the 
curves ; hence 7 = 116-3 milliamperes. 

This is the saturation current. 

The original paper must be consulted for the full reasoning 
leading to the above rules. 

An important paper on the “ Development of Thermionic 
Valves for Naval Uses,” by Mr. B. 8. Gosling in the Journal of 
the Institution of Electrical Engineers (vol. lvii., p. 670, August, 
1920), gives a large amount of information gathered during the 
war in the design and manufacture of thermionic valves. 

He considers especially the type consisting of a straight or 
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hairpin-shaped filament surrounded by a spiral wire grid, 
and this again by a cylindrical metal anode. 

He points out that if plate current is plotted against grid 
voltage and various characteristics drawn for different anode 
or plate voltages, the various curves obtained are alike in 
shape, but shifted along laterally (see Fig. 138). This shows 
that as far as plate current is concerned we can compensate 
for increased plate voltage by increased negative grid potential, 

Hence, the plate current (2,) is a function of vp/k + vy 
Where v, 1s plate potential, and v, is grid potential, and & is 
a parameter which is called the amplification factor. 

In the case of a cylindrical anode of diameter d, and coaxial 
grid spiral of diameter d’ made of wires of thickness d” spaced 
out at N turns per centimetre of length, Sir J. J. Thomson has 
shown that, 


230 THE THERMIONIC VALVE 


__ w7Nd'(log d/d’) (1) 
MOR GNGE) )25 Ak Cee 
where the logarithms are Napierian. 

In the valves commonly used & has a valve varying from 
d to 30. 

In the actual valve, when working, the electric field tending 
to move electrons away from the filament is due to the 
potentials of the grid and the plate conjointly, and it is 
found that this is equivalent to the action of a simple cylinder 
anode (with no grid), but of the diameter of the spiral wire 
grid held at a potential of 

71 Uplk ++ 
L ToT eee ae (2) 

It is shown in Chapter IV. that the thermionic current from 
a straight filament of diameter d to a coaxial embracing 
cylinder anode of diameter D is given by the expression 


42 fe V3 
r= tee Oe : eee 


where f is a function of the ratio of the cylinder diameter (D) 
to the filament diameter (d) expressed by 


DY DT | 
B = log | — 5 (lon) +59 (08 glee 
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The logarithms are Napierian. If we take the quantities in 
the formula (3) in electrostatic units, then in these units the 
ratio of charge e to mass m of the electron is 5-31 x 1017 (see 
Chapter I. of this book, p. 24). 3 


Hence Ve/ Vm = 7:3 x 108 
also 42/9 = 5-656/9 
and 1 electrostatic unit of potential is equal to 300 volts, 
and 1 ampere is 3 x 10° electrostatic units of current. 

Hence, to change V2 from potential difference in electro- 
static units to potential difference in volts, we have to divide : 
by 300°? = 5-2 x 108. Hence, if J is reckoned in amperes _ 
and V in volts, the equation (3) becomes 

_ 5656 X 7:3 X 108 ~— (V (volts) )2 
I (amperes) = 9x3 %109x 52x 108 df ele 02 

2:92 V2 
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This is the thermionic current (in amperes) from 1 cm. 
length of the filament. Hence, for a length / and for combined 
grid potential (v,) and plate potential (v,) we have the ther- 
mionic current in amperes (7,) given by 


met 2:92 1 es + La 
P10 d’B2\1 + 1/k 
where d’ is the diameter of the grid spiral. 

This expression for the thermionic current (?,) of a three- 
electrode valve having a spiral grid of diameter d’ centi- 
metres. It is given (without proof) in Mr. Gossling’s paper 
(loc. cit.). 

From the above formula (7) we can obtain the principal 
slopes of the characteristic surface (see Chapter IV., 
section 6), viz., @ = dip/dvg and b = di,/dv,, which gives 
3 i 


(7) 


2° Blk-F 5 
eae: Up 
fee ry rg meee eee AO) 


or a/b = k, the amplification factor, 

In the above formula combined with the curves given in 
Mr. Stead’s paper (loc. cit.) (see Fig. 135) we have all the 
materials for the design of a three-electrode valve. Thus, 
suppose (to quote Mr. Gossling) we have to design a power 
valve for an anode potential of 1,500 volts, and a filament 
voltage of 20 volts, the anode being of such size as to dissipate 
250 watts in the electronic bombardment without its tempera- 
ture being raised sufficiently to destroy the vacuum. The 
thermionic current with zero grid potential must therefore 
be 0-17 ampere, since 0-17 « 1,500 = 255 watts. 

When the valve oscillates we may suppose this thermionic 
current varies from zero to 0-34 ampere, giving a mean value 
of 0-17. 

We can then use formula (7) to determine a lower limit for k. 

For if in (7) we put v, = 0 or zero grid potential, and 6? = 1, 
because d’ is large compared with the diameter of any filament 
used, we have by transposing, 


(L+M= Ty ge (le _ (10) 


Let us assume a grid spiral diameter of 1 cm., the plate 
potential (vp) to be 1,500 volts, and a maximum plate current 
(ip) of 0-34 ampere. We have then to find the filament diameter 
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and length. For this purpose we must assume some upper 
limit to the filament temperature. 

We must arrange this to give usa normal filament “ life ” of, 
say, 1,000 hours. Experience shows that to give this life, the 
absolute temperature of the centre of the filament must net 
exceed 2,300° K. 

If # is the filament volts, / its length, and d its diameter, Mr. 
Stead’s curves (see Fig. 135) show us that at 2,300° K. Bv/ d/l = 
0-14. Also if the total maximum thermionic current (I) is to 
be 0-34 ampere, then the same curves show us that J [id = 0-7. 

Let us assume that the filament is to be worked off a 20-volt 
battery ; then, allowing a small margin for adjustment, we may 
take # = 18-2 and I = 0:34. 

Hence we have two equations for / and d, 

0-14] = 18-2 x Vd 
0-701 = 0-34/d. 

Solving these equations we find d = 0-023 em., and] =19 em. 

But the actual length of filament required in order that it 
may be incandescent right up to the ends is less than the above 
value of | by 1-5 cm. or by about 1/12. 

Hence the actual length is 17-5 cm., and diameter 0-023 cm., 
and surface 1-25 sq. cm. nearly. 

The maximum thermionic emission is therefore at the rate 
of 0-27 ampere per square centimetre. We can now determine 
the value of the amplification constant k from equation (10), 

Suppose we arrange the filament in the form of a hairpin 
loop. It will be about 8-5 cm. long. The length of the grid 
spiral may be taken as a little less than this, say | = 8-25 cm., 
and its diameter d’ = 1 cm. Also v, = 1,500 volts, and ty == 
0-34 ampere. 

Inserting these values in (10) we have 

a. ada Xx O20 , 
(1 + k)? = 105 034 * (1,500): 
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—— 34,000 x ( ,000)2, 

Solving the above equation we find a value of k = 11. 

The expression (1) given above for & enables us to find that 
a helical grid having about 4-6 turns per centimetre, and made 
of wire, 0-02 cm. diameter will give a value of 12 for k. 

Furthermore, we can find the other constants of the valve. 
For as proved in equation (8) we have 

37% 3 O: lianas 

and b = a/k = 0-002/12 = 1/6,000. 


= 
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This shows that the slope of the characteristic curve di,/dvy 
= 2 milliamperes per volt, the filament-plate resistance R; = 
1/6 is 6,000 ohms, the amplification constant at or near zero 
grid potential is about 11 to 12, the filament voltage 18-2, and 
the filament current 5-4 amperes. 

It will be seen, therefore, that the above-given formule, 
together with the curves given by Mr. Stead, enable us to pre- 
determine the several constants and dimensions which go to 
make up a valve of given power generation. 

11. Design of Soft or Gas-filled Valves.—We have so far 
considered the manufacture of hard or high-vacuum valves, 
but during the European War there was a considerable use of 
soft gas-filled valves which must be briefly described. 

It has already been pointed out that in a valve in which 
there is residual gas, the electrons coming from the filament 
bombard and ionise these gas molecules, and set free positive 
ions which move up to the filament. One effect of these 
positive ions is to neutralise more or less the space negative 
charge around the filament, and hence in general to promote a 
larger thermionic current for a given anode potential. In 
other words, the plate current grid voltage characteristic curve 
becomes steeper. If the plate voltage exceeds a certain limit, 
then discontinuities will take place, and the plate current may 
suddenly jump to a much higher value. It will then not be 
possible to retrace the same characteristic curve on reducing 
the plate potential. ane 

If, however, we do not carry the anode potential up to th 
limit at which these discontinuities occur, it is possible to con- 
struct (with certain residual gases), soft valves with repro- 
ducible characteristics. 

During the war a large number of experiments were tried 
with such soft valyes which are described in Mr. Gossling’s 
paper above mentioned.1 

First as to the gas employed for the residual atmosphere. 
. Nitrogen gas was tried, but it was found that the tungsten 

filament gradually absorbs it, so that the valve becomes pro- 
gressively harder. Argon was found also to be unsuitable, as 
it soon disintegrates the tungsten frlaments by reason of the 
large mass of the argon positive ion. Hydrogen and carbon 
monoxide were also tested. Helium was finally used with 
great success. 

Next as regards pressure of residual gas. 


1 “Development of Thermionic Valves for Naval Uses,’ Journal Inst. 
_ Elec. Eng., Lond., vol. lviii., p. 670, August, 1920. | 
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For the same residual pressure a helium-filled valve acts as 
if it were much harder than a nitrogen-filled valve, and the 
pressure finally adopted for the soft helium valve was 
0-6 mm. . 

In making such valves, the valve is first highly exhausted, 
and the filament and plates freed from occluded gases by. 
bombardment as for a hard valve, and then pure helium is 
admitted to the bulb up to the selected pressure. 

The method of testing this pressure was by sealing on to 
the pump tube a vacuum tube the cathode of which was a 
large disk. When the discharge from the secondary circuit 
of an induction coil is sent through this vacuum tube, the 
glow is seen to be separated from the cathode by a dark space, 
and the vacuum can be estimated by the width of this dark 
space. 

There is another effect of the gas ionisation which must be 
noted. 

In the hard grid valve the electrons coming from the fila- 
ment reach the grid and cause a flow of positive electricity 
along the grid wire towards the grid. | 
_ If, however, there are positive ions in the space, these are 
attracted to the grid and cause a flow of negative electricity 
along the grid wire to the grid, thus reversing the direction of 
the normal grid current. 

This has sometimes been called the “ backlash ” of the grid 
current. 

The value of this reverse grid current (if any) may be taken 
to be a measure of the vacuum in the bulb, and hence in valves 
intended to be hard, a limit on this current must be 
imposed. 

The production of a satisfactory helium-filled soft or low- 
vacuum valve was one of the achievements of the valve 
research carried out during the war. Manufacture of these 
valves was begun during September, 1917, and they were 
extensively used in the Navy during the later stages of the © 
war. | 
Messrs. Hugh A. Brown and Chas. T. Knipp have found 
that the sensitivity of a tungsten wire thermionic valve is 
increased by introducing into the bulb a small quantity of 
potassium sodium alloy made by mixing the metals in atomic 
proportions. This alloy is liquid at ordinary temperatures 
and its vapour has a remarkably low ionising potential. 
It is this which by contributing electrons to the space 
increases the sensitivity. It is, however, probably done at 
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the expense of uniformity of operation of the valve on account 
of the impossibility of controlling the amount of vapour 
introduced. 

12. Valve Specification.—Some reference must then be made 
to valve specifications. 

The three chief statements of such a specification must 
define and control the filament current and voltage, the 
plate-grid characteristics, and thirdly, the average life and 
robustness of construction. 

The valves must have such identity in filament construction 
that with the same or nearly the same filament voltage the 
thermionic emission for given anode voltage is nearly the 
same. Hence, when a given thermionic current is maintained, 
the filament volts and current must fall within certain limits. 
If a number of valves are thus tested we can set out the results 
in target diagrams, as explained in Chapter VIII. on Valve 
Testing. 

With the required filament voltage applied to the filament, 
the thermionic or plate currents for one or two stated anode 
voltages must fall within certain limits; and for a certain 
change in grid voltage, say + 2 and — 2 above and below a 
certain point, the thermionic current must change by a certain 
amount, say ‘001 ampere. 

In other words, the two principal slopes of the characteristic 
surface must fall within certain limits. 

We require, therefore, defined— 

(1) The plate current/grid volt slope = a. 

(2) The plate current/plate volt slope = 0. 

(3) The amplifying factor k = a/b, sometimes called the 

grid-closeness factor. 

In the case of transmitting or generating valves. we must 
also define— 

(4) The power dissipation in the valve. 

(5) The efficiency or ratio of high-frequency alternating 
current output on a certain type of circuit to the 
total power given to the valve. 

The average duration of the filament must also be specified 
which, accidents apart, should be something of the order of 
1,000 hours’ use, although in certain cases where size or weight 
of apparatus is Important it may pay to permit a shorter life 
if higher efficiency is thereby secured. 

The details of such specification are more particularly 
considered in the chapter on valve testing. 

Since the electronic emission increases very rapidly with the 


“ 4 i: tere & asa ae ‘a 
x 7 Fale ne 
\ 7 * 
- "eS aaee , 3 
, ’ . 
236 THE THERMIONIC VALVE 


temperature of the filament, and since the “ life’ decreases 
with rise of temperature, we may say that the power in watts 
expended on the filament to heat it, divided by the electronic 
current emitted or the watts in filament per ampere of ther- 

-mionic current is a rough measure of the probable durability 
or life of the valve. 
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CHAPTER VI. 


Tae THERMIONIC VALVE AS A GENERATOR OF 
OSCILLATIONS. 


1. The Thermionic Valve as a Generator.—We have already 
in Chapter IV. pointed out, briefly, the conditions under 
which the thermionic valve can become a generator of electric 
oscillations or high-frequency currents. In this chapter the 
connections of circuits requisite for this purpose will be 
considered a little more in detail. 

It will be of advantage first to examine the conditions which 
must hold good in a circuit containing inductance (L), capacity 
(C), and resistance (R), in order that continuous or undamped 
oscillations may take place in it under the influence of some 
type of generator. 

Consider the meaning and solution of a differential equation 
very frequently occurring in physics, viz., 


dx 
“ii -- o2A—O0 . ° . ° ° (1) 


This signifies that 7 is some quantity which is a function of 
the time ¢, such that the second differential coefficient, which 
denotes the rate of the time rate of change is proportional 
to the quantity itself. 

It is easily found by trial that one solution of such an 
equation is 

Le VIPS bee ee ee rey 
where ¢ is a quantity which varies with the time, whose 
maximum value is J, and mode of variation follows that of 
the ordinates of a simple sine curve. The quantity 2 1s then 
a simple periodic quantity, and represented graphically by 
a simple sine curve repeated, which denotes a continuous 
oscillation. 

This last equation represents, therefore, algebraically an 
undamped electric current 7 of sine wave form, maximum 
value J, and frequency 6/27. 

If, then, we meet with an equation of the form 
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di /dt? +- bdifdt -- 6*i = 0, the condition that it shall represent 
an undamped oscillation is that the coefficient b must be zero. 
Let us examine, for instance, the production of undamped 
electric oscillations by the electric arc. We know that if a 
direct current arc formed between solid carbons has the 
carbons connected by a circuit having in it capacity in the 
form of a condenser in series with an inductive resistance, 
then, as shown first by Duddell, undamped. oscillations are 
set up in this condenser circuit. If 7 is the instantaneous 
value of the current in this circuit then thé drop in potential 
down the capacity-inductive current is 
li ele 
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If v, is the instantaneous potential difference of the carbons, 
then as an equation forthe capacity circuit we must have, 


di Pts ba Ps 
LG + Ri+G id + v= oe (3) 
Differentiating this last equation with regard to time, we 
have, on rearranging terms, : 
a ie Re, ldu\ di-_ 
ae ro" © Gases, item 
Hence, the condition that sustained oscillations shall exist 
in the circuit is that 
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R= — = . . . . . . (5) 


But Ah, the resistance of the wire forming that circuit is a 
quantity essentially. positive in nature, and, accordingly, it 
follows that undamped oscillations can only be produced 
when dv,/di is negative in sign, and at least equal in magnitude 
to the numerical value of R. 

This means that the yolt-ampere characteristic curve of 
the arc must be of such a nature that a small increase of 
current through it is accompanied by a decrease in the potential 
difference of the carbons and vice versd. Now, this we know 
is the fact with regard to the electric are. It is sometimes 
expressed by saying that the arc has a negative resistance. 
This last is not a very satisfactory term. Resistance is the 
quality of a circuit in virtue of which energy is dissipated in a 
circuit or oscillations damped out. It is necessarily a scalar 
quantity, and therefore signless. The peculiarity of the arc 
as a conductor may better be expressed by saying that it has 
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a “ falling ” volt-ampere characteristic, but acts as a negative 
resistance. It follows that when we include in a circuit having 
metallic or ordinary resistance any kind of conductor which 
has a falling characteristic, and if we can control the slope 
or the resistance so that the total equivalent resistance of 
the circuit is zero, then oscillations started in that circuit will 
be sustamed or undamped. 

There are other types of gaseous conductor besides the 
electric arc which have a falling characteristic. On referring 
to Fig. 32, Chapter II., which gives such curves for a two-elec- 
trode thermionic valve, it will be seen that part of the volt- 
ampere characteristic beyond a certain impressed voltage has 
a negative slope. This is not the case with very hard or high- 
vacuum valves, and it indicates as pointed out, that there was 
in these valves some degree of ionisation. It shows, however, 
that it is possible for a two-electrode valve, when its plate and 
filament are interconnected by a circuit having inductance and 
capacity, to generate electric oscillations. Nevertheless this 
type of rather soft valve, when its filament is heated by a 
direct current, has not much practical value as an oscillation 
producer. , 

2. Production of Undamped Oscillations by the Three- 
electrode Valve.—It was not until the three-electrode valve 
began to be studied carefully about 1913, that 1t was found it 
provided a very effective means of generating undamped 
electric oscillations of approximately sinoidal form. 

This seems to have become clearly understood about the 
beginning or middle of 1913, and it gave a fresh interest to the 
study of the properties of the thermionic valve. Perhaps the 
first to publish a definite statement was Alexander Meissner, 
an engineer in the employ of the Wireless Telegraph Company, 
of Berlin, but it appears to have been discovered independently 
by Mr. E. H. Armstrong in the United States, and also by 
Lieut. C. 8. Franklin and Captain H. J. Round, of Marconi’s 
Wireless Telegraph Company, London. It has also been 
claimed by Dr. Lee de Forest in a letter in The Electrician of 
August 28th, 1914 (see vol. Ixxvi., p. 842), as his own origina- 
tion under a United States patent, No. 943,969. Any one who 
looks at this last-named specification will see at once that there 
is in it no disclosure of the reaction principle which is the basis 
of the true oscillation generating power of the three-electrode 
valve. De Forest’s above-named specification covers merely 
the use of a spark gap or discharger of a particular kind, con- 
sisting of two balls or plates in an evacuated bulb which con- 
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tains also an incandescent filament. This was used in various 
Ways as a sort of spark discharger. The patent claims are 
broad, and might be interpreted to include a variety of 
arrangements. 

The first definite mention of the operation of a true ther- 
mionic oscillator was probably made by A. Meissner, in a 
German patent application filed April 9th, 1913.1 In a letter 
to The Hlectrician of July 31st, 1914 (see vol. lxxiii., p. 702), 
Meissner states that this device was suggested by him in 
March, 1913, when working for the Wireless Telegraph Com- 
pany of Berlin. He employed the Lieben, Reisz and Strauss 
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Fig. 139.—Meissner’s arrangement of Circuits for using Lieben-Reisz 
Thermionic Relay as an Oscillation Generator. 


vacuum tube relay, already described in Chapter IIT., which 
had a Wehnelt incandescent cathode of lime-covered platinum. 
The scheme of circuits was as shown in Fig. 139. Meissner 
gives in the above article a photographic view of his apparatus. 

In Meissner’s arrangements a negative current is sent 
through the Lieben bulb, V, from the oxide-cathode, K, which 
is rendered incandescent by a battery, B,, to the anode, A (see 
Fig.’ 139). This current is furnished by a battery, B,, of 
220 cells, giving 440 volts, the battery being shunted by a 
condenser. This current flows also through the primary coil 
of a transformer, 7, of which the secondary circuit is closed 
by a condenser, C,. The grid, G, and the cathode, K, are also 
connected to the primary circuit of another transformer, 7’, 

1 The British patent specification for this invention is No. 252 of 


January 5th, 1914, taken out in the names of Graf Georg von Arco and 
Alexander Meissner. 
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which effects a coupling between the grid circuit and the plate 
circuit, through the closed oscillatory circuit, S,, S, C;. The 
physical action which then takes place is closely analogous in 
principle to that im the well-known experiment called the 
singing telephone. If an ordinary carbon granule microphone 
transmitter is connected through a primary battery of one or 
two cells with a magneto telephone receiver, and then, if the 
transmitter and receiver have nearly similar diaphragms, when 
these are held near to each other the system will emit a clear 
musical note of a certain pitch, and continue thus to sing as 
long as the two diaphragms are held near to each other. The 
reason is as follows: Little noises in the room or a slight tap 
on the diaphragm of the transmitter set it in motion. The 
compression of the carbon granules varies their resistance, and 
hence the current flowing through the receiver. This again 
causes the receiver to emit a sound, and the aerial waves falling 
upon the diaphragm of the transmitter set it in sympathetic 
vibration. This movement again exalts the current variations 
in the circuit. Hence, by action and reaction, the two dia- 
phragms maintain each other in vibration, the receiver sending 
out a corresponding sound. The energy required to produce 
these vibrations is, of course, drawn from the battery in the 
transmitter circuit. 

The action is also similar in some respects to that by which 
a direct current electric arc sets up oscillations in a condenser 
circuit having inductance which is shunted across the arc 
carbons. In these cases we have the energy of a direct current 
partly transformed into energy of electric or mechanical 
oscillations. So is it with the case of the thermionic oscillator. 
We have seen that when a current is flowing from the hot 
cathode to the cold plate in a three-electrode valve, if the 
potential of the grid standing between cathode and anode is 
raised or lowered, the plate current will be increased or 
diminished in the same manner. 

If, then, we properly couple together, by a transformer, 
condenser, or auto-transformer, the grid circuit and the plate 
circuit we can make the variations of the plate circuit main- 
tain the variations of grid potential, and the latter, in turn, 
exalt the variations of the plate current. The result is to set 
up in both circuits rapid undamped electric oscillations or high- 
frequency alternating currents, the frequency of which may 
be varied over wide limits. The energy required to create these 
oscillations is derived from the battery in the plate circuit. 

Although Meissner was on the right lines in his mode of thus 
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employing the valve, yet the apparatus he used was very 
inefficient. The Wehnelt cathode is unsuitable for prolonged 
practical work, and in low vacuum tubes, such as the Lieben, 
the cathode is very quickly destroyed by bombardment by 
positive ions. Hence, Meissner’s tube only lasted for a few 
minutes’ use and he obtained a very small output of power 
into an antenna coupled with it. He states that he obtamed 
12 watts with a wavelength of 600 metres, and that this corre- 
sponded to an antenna current of 1-3 amperes, with an antenna 
resistance of 12 ohms. He states also that in June, 1913, this 
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Fic. 140.—Scheme of Circuits for using a Three-electrode Valve, V, as a 
Generator of Oscillations by inter-coupling grid and plate circuits 
by mutual inductance coils, L, L,. 


generator was used to effect radiotelephony between Berlin 
and Nauen, a distance of 36 kilometres. 

In the British patent granted to Von Arco and Meissner 
(No. 252, of 1914) the invention is primarily described as 
“Improvements in and relating to relay arrangements for 
alternating currents,” and a large number of modes of con- 
nection of the grid and plate and antenna circuits are shown 
in the specification diagrams for amplified reception. The use — 
of the arrangement as an oscillation generator was, however, 
clearly recognised and the thirteenth claim reads as follows : 

“13. An arrangement, as in any of the preceding claims, 
for receiving electric oscillations in which the relay connected 
by return coupling with a closed oscillation circuit, and thus 
operating as an oscillation generator, and a receiving antenna 
act i common on a receiving apparatus comprising a detector 
and indicating instrument, and in which the frequency of the 
oscillations generated, due to this relay, is made approximately 
equal to the frequency of the oscillations received in order to 
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‘strengthen the oscillations received by interference and to 
make them perceptible as pure and readily audible sounds.” 

Another method of explaining the action of the thermionic 
valve used as a generator has been given by Professor W. H. 
Kecles in connection with a diagram, as in Fig. 140. 

The action has been illustrated as follows : Imagine an 
oscillatory current circulating in the plate-filament circuit. 
This oscillation could be kept going by an impulse delivered 
just at the right moment just as a clock pendulum is kept going - 
by the small impulses given by the pallets of the escapement. 
These impulses come from the battery, the E.M.F. of which is, 
so to speak, turned on at the right moment by the rise in 
potential of the grid. These variations in grid potential are 
themselves controlled by the inductive action of the plate 
oscillation acting through the mutual induction of the coils 
Land L,. 

The process may also be compared with the action of a 
reciprocating steam engine. The steady pressure of the steam 
in the steam pipe answers to the steady E.M.F. of the battery 
in the plate circuit. This steam is admitted first to one side 
of the piston and then to the other, and the mechanism for 
doing this is the slide valve. But the movements of the slide 
valve are controlled by the motions of the piston, so that the 
steam is automatically admitted first above and then below 
the piston at the right moment. In the valve the grid answers 
to the slide valve, and the resulting electric oscillations set up 
in the plate circuit correspond to the reciprocating motions of 
the piston. 

Hence the thermionic valve is a means of using a direct 
K.M.F. to produce an alternating current, or what comes to 
the same thing, pulsations on a direct current. The frequency 
of these oscillations is determined by the capacity and induct- 
ance of the plate and grid circuit, and these must be properly 
tuned to each other. The coupling of the two circuits must be 
fairly close to secure these sustained oscillations. Accordingly, 
the thermionic valve so used becomes a transmitter and is then 
described as a transmitting or generating valve. 

Since the slide valve controls the admission of the steam and 
Is analogous in function to the grid, the grid circuit is now 
generally called-the control circwit and the plate circuit is called 
the repeat circuit. | 

Tt is necessary, therefore, that the oscillations in these 

1 See article on ‘‘ Ionic Valves,” The Year-Book of Wireless Telegraphy 
and Telephony, 1917, p. 683. 


R 2 


244 THE THERMIONIC VALVE 


circuits should be properly in step with each other. The 
battery in the plate circuit is sending a negative current from 
filament to plate and this current is reduced when the grid is 
negative and increased when the grid is positive. Hence the 
changes in potential of the grid must be in step, or nearly i - 
step, with the changes of current in the plate circuit. This 
necessitates that the grid potential shall be nearly 90° different 
in phase from the time rate of change of the plate current. 

3. The Inductive Coupling of Grid and Plate Circuits.—The 
inductive coupling of the grid and plate circuit, or control and 
repeat circuit, as they may be called, was quite clearly described 
by Mr. E. H. Armstrong in a United States patent specification, 
No. 1,113,149, applied for on October 29th, 1913. The British 
equivalent patent beg numbered 147,042. He therein 
describes a number of modes of connection of the control and 
repeat circuit for the purpose of amplifying the oscillations 
when the three-electrode valve is used as a receiver. This may 
be called the re-enforced use of the valve. But he also men- 
tions the resulting property then possessed of creating self- 
sustained oscillations in virtue of energy drawn from the 
battery in the plate circuit. 

In a letter to The Electrician for October 15th, 1915 (see 
vol. Ixxvi., p. 61), Mr. E. H. Armstrong claims the independent 
discovery of this use of the thermionic valve as a generator of 
oscillations early in 1913. He also disputes the claim made by 
Dr. Lee de Forest in The Electrician tor July 16th, 1915, that 
the regenerative or reaction principle was disclosed by the 
latter in his United States specifications, No. 841,387 and No. 
879,532 of 1907, covering the two-plate or grid and plate valve. 
The production of persistent oscillations by a three-electrode 
valve with grid and plate circuit inductively coupled was also 
clearly disclosed in a British patent specification, No. 13,636 
of 1913, of Lieut. C. 8. Franklin and Marconi’s Wireless Tele- _ 
graph Company, applied for on June 12th, 1913, which there- 
fore preceded Armstrong’s United States application by more 
than three months. 

In Franklin’s provisional specification it is stated as follows : 

“Tt has been shown that an exhausted tube which contains 
a heated cathode, consisting of a strip of metal covered with 
an oxide, and two anodes, one of which is in the form of a 
plate with holes and which screens the cathode from the other 
anode, can be used in a wireless receiver for magnifying both 
the received oscillations and the telephone currents. 

“ According to this invention when such a tube is used for 
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magnifying the received oscillations we make the circuit in 
which the magnified oscillations occur react on the circuit in 
which the oscillations to be magnified occur by coupling these 
circuits, either electrostatically or electromagnetically to a 
certain degree. 

“ If the coupling be too strong the tube will be unstable, and 
will itself tend to produce oscillations, but there is a certain 
critical strength of coupling below which the tube is unable to 


II 


Fie. 141.—Arrangement of Circuits of Three-electrode Valve as an 
Oscillation Generator due to Captain H. J. Round. 


maintain oscillations.”” We shall refer to this specification 
again in the next chapter, but the above quotation is intro- 
duced here to show that C. 8. Franklin quite clearly stated, in 
June, 1913, the conditions under which self-sustained oscil- 
lations can take place in a three-electrode valve. 

Another mode of inter-connection of the grid and plate 
circuit in a transmitting or generating valve was described by 
Captain H. J. Round, of Marconi’s Wireless Telegraph Com- 
pany, London, in 1914, in a British patent specification, 
No. 13,248, applied for May 29th, 1914. This mode of cor- 
nection is intended for use with valves of not very high vacua 
or so-called soft valves. It is shown in Fig. 141, and it will 
be noted that both the control or grid and repeat or plate cir- 
cuits contain closed inductance-capacity circuits, P,K,, P,K,, 
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which are usually called oscillating flywheel circuits. The 
special object of this arrangement was to produce an oscillation- 
generating appliance for use in the transmitter of a wireless 
telephone: 3 

The title of the specification is “Improvements in the 
Production of Continuous Electrical Oscillations and in the 
Utilisation thereof for Wireless Telegraphy and Telephony.” — 
It will be seen that the plate circuit contains a high tension 
generator, G, which may be a sufficient number of small 


Fic. 142.—Arrangement of Circuits of Three-electrode Valve as a 
Generator for Low-frequency Oscillations due to W. C. White. 


storage cells or a small high-tension direct current dynamo. 
The grid circuit also contains an electromotive force, B,, and 
this is adjusted by the aid of a resistance, R,, to obtain the 
best effect. It is said that the resistance, R,, and battery, 
B,, shunted by condenser, K, assist in securing the stability 
of the tube. 

We shall return to the consideration of these regenerative 
valve arrangements of Franklin and of Round in the following 
chapters in discussing the use of the thermionic valve in 
wireless telegraphy and telephony. 

4. Production of High and Low Frequency Oscillations by 
Thermionic Valves.—Meanwhile we may mention two other 
modifications of such devices for generating respectively 
oscillations of very low and of very high frequency which are 
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due to Mr. W. C. White, of the General. Electric Company 
of America.! These are illustrated in Figs. 142 and 143. 

Fig. 142 shows the arrangement for creating low-frequency 
oscillations. The reaction between the grid and plate circuits 
takes place through the iron-cored transformer, 7’, and con- 
denser, C,. The plate circuit contains a direct current dynamo, 
D, and this is shunted by a condenser, Cy, of large capacity, 


Fic. 143. — Arrangement of Circuits of Three-electrode Valve as 
Generator of High-frequency Oscillations due to W. C. White. 


about 25 microfarads, to provide a path for the low-frequency 
oscillations. The inductance on the plate side of the trans- 
former, 7, may be about 100 henrys. This transformer has 
on it a third winding, /#, from which a low-frequency alter- 
nating current can be drawn off. By means of a variable 
resistance, R, in the grid circuit the amplitude of the oscilla- 
tions can be varied, and finally the oscillations damped out. 
There is a certain critical value of this resistance at which 
the current in the plate circuit just ceases to be pulsatory. 
This phenomenon is of importance in connection with a certain 
method of using the valve as a receiver and amp‘ifier. 

1 See W. C. White, General Electric Review, September, 1916, vol. xix., 


p- 771, “The Pliotron Oscillator for Extreme Frequencies’; see also 
United States Patent Specification No. 1,159,307, of W. C. White. 
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The second method, due to W. C. White, is shown in Fig. 143. 
This is for the production of oscillations of very high frequency. 

The grid and plate circuits in this case are tuned by sliding 
a cross wire, W, along two parallel wires, J, like a Lecher 
circuit, which tunes the grid circuit. The condensers, C, 
and Cs, are of very small capacity. The dynamo, D, supplies 
direct currents to the plate circuit through two choking coils, 
L, and Ly, to block out alternating current, whilst a by-pass 


Fig. 144.—Typical Thermionic Circuits for auto-production of 
Oscillations. 
for the high-frequency alternating currents is given through 
the condenser, C,. - Such an arrangement can be tuned up by 
using very short wires and very small condensers to produce 
undamped oscillations of 50 millions per second. This 
corresponds to waves 6 metres in wavelength. 

It will be seen therefore that the three-electrode thermionic 
valve provides us with the means of producing undamped 
electric oscillations of sine wave form and_ of frequencies 
covering an enormous range, from a few oscillations per 
second up to 50 million or so. | 

In order that a generating thermionic valve may operate 
satisfactorily for prolonged periods. of time in oscillation 
production it must be a high vacuum instrument in which 
gas lonisation is absent, or else the filament is sooner or later 
destroyed by positive ion bombardment. Also it is necessary — 
to be able to work a number of valves in parallel to obtain 
large currents, and this can only be done when they have 
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identical characteristic curves. This, thén, indicates the 
use of high-vacuum valves in which the thermionic current 
is carried entirely by electrons from an incandescent filament 
or cathode. ; 

5. Quantitative Conditions for Oscillation Production.—We 
have explained in Chapter IV. the quantitative relations 
between the constants of the grid and plate circuits in order 
that oscillations may be generated for one arrangement of 
these circuits. A re-discussion for a slightly different scheme 
of connections, as in Fig. 144, is as follows :— 

Let LZ, and L, be the inductances of the grid and plate 
circuits, and M their mutual inductance, and R the resistance 
of L,, and C' the capacity shunted across it. Then if, as above, 
% 1s the plate current and e, the grid alternating voltage, and 
2 the current in the oscillation circuit, Z,, R, C, we can then 
write down the two differential equations of E.M.F. for the 
grid and plate circuit as follows : 

t Si fae Re 
1G + Ri + plide + M 


dip 


pal i) fee oe Behe 
dt. (©) 


diy 7 dt, ak | Pe rt 
EG a ee eee | ° . (7) 
Also we have— 
Caeaeicee rfiae Pern See eer ton 
Kliminating e, and 7, from these equations (6) and (7), by 
differentiation, after substituting from (8), we have the 


equation (17) for the oscillatory current, 7, in the L,, R, C, 
circuit as follows : 


Tay ae 7 ad , (RRC + L, — kM) di 
(L,L, — M 7B - (RL, + Ril) 7 + Ci dt 
a ai = (9) 
This equation is of the type— 
ee GN UE ae (10) 
GegiS ake Genta or whe Tg xe AY 
The last equation (18) can be written in the form— 
d (di dr . 


We require to find the conditions under which the current, 
2, will be an undamped oscillation. This implies that there 
must be a solution of (11)in the form i = Ait, where j = 1/— |, 
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One solution that satisfies the equation (11) is that the 
pair of equations (20), viz. : 
dd, tthe eye. 
qa + pi =0.and 7 +4i=0 eeena sit 
shall be simultaneously satisfied. Because if these are 
simultaneously satisfied by a certain value of the current, 2, 
the differential equation (10) of the third order is also satisfied. 
These two last equations (12) are both satisfied by an 
expression of the form, i= dé, Hence they denote 
undamped oscillations which have identical frequency, 
provided we have— 


5 
Pap Tora: B=y:d 


Therefore, substituting the full expressions equivalent to — 
a, B, y, 6, we have, as the condition of the establishment of 
undamped oscillations in the valve circuits, that— 


R; _ kL, + RL, 

RRC +L,—kM LL, — M? 

Now R; is the internal resistance of the bulb, and is always 

very large compared with any possible value of R, whilst 

L, and L, are of the same order. Hence RL, can be neglected 
in comparison with R;L,, and the equation (13) reduces to 
M? — kM +- ORLIR; =0.. .. 2.72 (14) 

But we have seen that k = a/b and R; = 1/b, where a is the 

mutual conductance of the plate and grid circuits, or the 


slope of the characteristic curve delineating plate current in 
terms of grid potential. Accordingly (14) becomes— 
ey a OR 
. “lane 

The quantity a, or characteristic slope, must lie between 
a certain maximum value at the centre of the curve and a 
zero value at the point where the plate current reaches its 
saturation value. 

Equation (15) is a quadratic in M. If we write it out and ~ 
solve it we have— . 


(13) 


a 


(15) 


M?—L,RaM+ORL,R;=0 . . . . (16) 
L,R; L,Ria\? : 
or u=-—= ey (=) —CRL,R; . . (17) 


If a =0, then it is clear that M becomes imaginary and 
therefore impossible. 
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Sia a 9. / Ce then M= VORL,R . . (18) 
LR; 


and for no value of a or M less than these will the oscillations 
be set up and sustained. 

There is therefore a minimum inductive coupling of the 
plate and grid circuits below which the persistent oscillations 
are not produced. 

When they are produced, their frequency, », can be deter- 


N 


Plate Current 


oF 


Grid Potential 


Fie. 145.—Plate current—Grid voltage. Characteristic Curve of a 
Three-electrode Valve. 


mined from the constants, C, R and L,, of the oscillation 
circuit by the formula— 
Nebr foal Te 
N= 5 in. lw 19S bea (19) 

and the corresponding wavelength, A, in metres is given by 
(3 x 108)/n =A. It will be seen then that this analytical 
discussion leads to the equation (15), which is identical with 
the equations (48) and (53) in Chapter IV., arrived at by 
geometrical or vector methods. 

6. Hazeltine’s Discussion of the Oscillating Valve.—Another 
method of discussing the conditions under which continuous 
oscillations are set up in certain arrangements of circuits by a 
three-electrode valve has been given by Professor L. A. 
Hazeltine in a paper on “ Oscillating Audion Circuits,” in the 
Proceedings of the Institute of Radio Engineers, New York, 
vol. vi., p. 63, April, 1918.° He employs in his theory a 
parameter of the valve he calls the mutual conductance of the 
grid towards the plate, denoted by the letter g. This is the 
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measure of the slope of the grid voltage-plate current character 
istic curve at any point, P (see Fig. 145). 

In considering the valve as an oscillation producer we may 
neglect the constant or steady part of the currents or voltages 
and fix attention only on the alternating or periodic part. 
In the same way it is convenient in diagrams to omit the 
filament-heating battery and plate circuit battery and to — 
denote the valve by a conventional symbol consisting of 
a circle with a loop, zig-zag and bar in it to signify the filament, 
grid and plate. The effective or root-mean-square value of 

the periodic potential 

G difference of filament 

and grid is called the 
‘orid voltage,” and 
denoted by Hy. The 
same for filament and 
plate is called the “ plate 
voltage,” H,, and the 
periodic part of the plate 
I current is denoted by I, 

Piste (see Hig. 146), these 

Fra. 146.—Conventional Diagram represent- being the usual posi- 


ing a Three-electrode Valve. ; ee ; 
The symbols for the filament and plate tive current-direction 


batteries are omitted. F denotes the values : ati g is the 
Filament, G the Grid, and P the Plate. mutual conductance, 


EH, is the potential of the Grid, and £,, Ab 5 
thateofs the aPlate with respect to the then rE; —= L199. If at any 


Filament, J, is the Plate Current. moment the plate is 
positive with respect to 

filament there is an output of power from the valve equal to 
P = Eyl, and therefore to H,E,g. Hence, if the valve is to act 
as an oscillation generator, we must have P/H,E, = g equal to 
some possible value of the mutual conductance as derived 
from the characteristic curve. The smaller, within limits, 
the value of P/E,H, the more easily will the thermion oscillate. 
If the valve is connected to an oscillation circuit consisting 
of an inductance, L, and a capacity, C, then oscillations can 
be set up in this circuit of frequency n = 1/20 VCL. | 
It is important to notice that in relation to impressed 
impulses of this frequency such an oscillation circuit be- 
haves as if it were a nearly non-inductive circuit, and 
current in it is therefore in step with impressed voltage or 
Such a circuit has been called a flywheel circuit, because 
the valve acts the part of piston and slide valve, whilst 


THERMIONIC VALVE AS A GENERATOR OF OSCILLATIONS 253 


the battery in the plate circuit supplies the power and 1s 
like the steady steam pressure in a steam pipe leading to 
the cylinder. There must, therefore, be a certain proper 
coupling between the oscillation or flywheel circuit and the 
erid and plate circuits, just as in a steam engine the crank 
couples the piston to the flywheel, and the eccentric couples 
the slide valve to the piston and crank in proper phase relation. 
Since the plate current is at a maximum when the grid potential 
is positive and at a maximum, and since the time-rate of change 
of the plate current is nearly 90° different in phase from the 
current itself, it is easy to see that if the plate circuit is coupled 
through an air-core transformer to the oscillation or flywheel 
circuit, the secondary E.M.F., and hence current induced in the 
oscillation circuit, will be 90° in phase behind the plate current. 
If, then, the oscillation circuit is coupled through another 
air-core transformer with the grid circuit the E.M.F. in the 
latter, and therefore the grid potential, will lag 90° behind the 
oscillation circuit current, and therefore 180° behind the plate 
current. But by a proper connection of the circuits the grid 
potential may therefore be caused to be positive and at its 
maximum when the plate current is a-maximum, and to be a 
zero potential when the plate current has its mean value and a 
negative maximum when the plate current is at its minimum 
value. This secures the right phase relation of grid potential 
and plate current. Over and above the statements as to the 
correct phase relation of the currents, potentials and electro- 
motive forces in the plate, grid and oscillation circuits we have 
to explain how it comes to pass that the battery in the plate 
circuit provides energy to maintain the oscillations. The 
oscillation and plate circuits possess resistance in their metallic 
circuits which, small though it may be, dissipates energy and 
damps out free oscillations. Hence, in order that these 
oscillations may be maintained, the battery must provide 
power equivalent to the J?7 losses in the several circuits, 
where J is a current and r the ohmic resistance of the circuit 
in which it flows. The resistance of the plate circuit is partly 
metallic or constant, consisting of that of the wires and 
internal battery resistance, and partly due to the resistance 
of the highly-rarefied gas or of the vacuous space between 
plate and filament. This latter part has a conductivity 
which is a function of the current through it, and it increases 
with the current within certain limits. Corresponding, then, 
to the rising part of the characteristic curve we may draw a 
conductivity curve which is concave upwards, showing that 
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the conductivity of the vacuous portion of the circuit increases 
with the current. Hence, if we consider that the normal 
current sent by the battery through the plate circuit is first 
increased by a certain amount and then decreased by an equal 
amount, the work done by a battery of constant E.M.F. will 
be increased in the first case by a larger amount than it is 
decreased in the second case, provided we are working at a 
suitable point on the characteristic. It follows from this that 
when the plate current oscillates more power is drawn from 


the battery than when the plate current remains steady or 


constant. 

Part of this excess power is transferred by the coupling 
to the oscillation or flywheel circuit and serves to maintain 
the oscillations in spite of the damping due to resistance, 
and the impulsive electromotive force necessary to counteract 
the damping is applied just at the right instant and in the 
right direction—viz., when the current in the oscillation 
circuit is just beginning to flow. We may therefore consider 
the result of the periodically varying grid potential to be 
that the conductivity of the vacuous space is thereby changed 
so that it is increased when the grid is positive and decreased 
when the grid is negative, but in such fashion that for equal | 
increments and decrements of plate current the battery is 
called upon to give more power during the increase than 
during the decrease, although on the whole yielding an 
increase of power whilst the current oscillations last. This 
excess of power furnishes that required to supply the energy 
loss due to the resistance of the circuits in which oscillations 
are taking place. The simplest form of thermionic oscillation- 
creating circuit is that delineated in Fig. 147, in which the 
plate and grid circuits are both coupled by air-core trans- 
formers to the oscillation or flywheel circuit. The plate or 
repeat circuit may be called the piston circuit and the erid 
or control the slide-valve circuit, to keep up the valid analogy 
with the steam engine. We can obtain an expression for the 
conditions which must hold in order that oscillations may 
be produced in the circuit in Fig. 147, as follows : 

Let R be the resistance of the oscillatory or flywheel circuit 
and consider that the resistance in the battery or plate circuit 
may be neglected. 

Let I be the current, ( the capacity and I the inductance 
of the flywheel circuit, and let M, and M, be the mutual 
inductance of the coupling of the flywheel and plate or grid 
circuits respectively. Let g be the mutual conductance of 
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is im 
hahah, 
as above. But P must be oa to [7h and HE, = IpM, ; 


also Hy = IpM,, where p = 27n, and n is the frequency of 
the oscillations. . ) 


Hence, substituting, we have 
| piscine th a CLE, 
lag rye rp Bese a7 bs 


plate and grid circuit as above defined. Then C= 


since p? = 1/CL. | 
But the quantity, CLR/M,M,, must fall numerically within 


Fig. 147.—Conventional Diagram showing Connections for establishing 
Undamped Oscillations in a Condenser-inductance Circuit, C, L, R, 
by a Three-electrode Valve, provided g = CLR/M,M,,. 


the possible limits of the value of g, as given by the charac- 
teristic curve of the three-electrode valve. It is easy to see 
that g cannot exceed a certain value—viz., the tangent of the 
angle of slope of the characteristic curve at the origin, Also 
there is a lower limit to the value of g—viz., the ratio of I,,/Ey 
when I, reaches its saturation value. Oscillations will, there- 
fore, only be produced if CLR/M,M, falls within these limits. 
This generally implies that the coupling of the transformers 
must. be close. 

There are a very large number of ways in which the grid and 
plate circuits can be coupled so as to produce persistent oscil- 
lations by the valve. 

A number of such possible schemes of connection are given 
in the paper by Professor L. A. Hazeltine (loc. cit.). 

One such connection, which has been much used, is as 
shown in Fig. 148. It is the basis of one of EK. H. Armstrong’s 
methods of using the valve. The plate circuit is inductively 
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coupled with the inductance, which is a shunt across the con- 
denser in the tuned grid circuit. 

With the same notation as above we can obtain the oscilla- 
tion condition as follows : 

We have, as before, g = ee but A, = — = if we assume 

9 

that J and Hy, are vectors and j has the usual signification of 
Vv —1. Also, we can express in complex notation the fact 


Fra. 148.—Conventional Diagram illustrating the Production of Oscilla- 
tions in a Condenser Circuit, C, LZ, by a Three-electrode Valve, 
provided g = CR/M. 

that the total voltage round the oscillation circuit is zero by 
the equation 


1(R + ppl V¥ oe +1ypM =O. . (20) 
Eliminating [ and J;, by the is of the expressions [, = Hyg 
and HK, = — I/)pC, we have the expression 
1 gM 7 
LEE erg Co y's 2 aS 


Hence p* = 1/CL, and g = CR/M. 

Accordingly the value of CR/M must fall within the limits 
of a possible value of g, as derived from the characteristic curve. 

It is evident, therefore, that we can derive the condition for 
oscillations either by equating the power loss in the oscillation 
circuits to the output of power by the valve—viz., P = 
gE,E,, or by writing down a set of complex expressions 
indicating that the total voltage in passing round each network 
or cycle of the system is zero. 

This latter method gives exact results and can be applied 
to any scheme of connections, however complicated. Thus, 
for instance, let us consider the more complicated case delineated 
in Fig. 149. Here we have not only a plate, grid and oscillatory 
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circuit, but a second oscillatory circuit inductively connected 
with the first oscillatory circuit. This latter may be called an 
auxiliary circuit. 

Let J, and I, be the currents in the two oscillatory circuits 
and /, the plate current. Then the voltage equations are 


l , 
(2, + gpl, + oe) I, + jpMyoly + jpMyylyp = O (22) 
iL 


1 : 
— / 6) 
(R, + pL a) I, +9pM,.1, =a 20) 


Fic. 149.—Scheme of Connections of Three-electrode -Valve coupled 
to two Oscillatory Circuits. 


ax CiR, + CLR, 
ois Myp 
Khminating J,, J, and J, from these three equations and 
separating real and imaginary parts we obtain the equations 
(1 — p°C,L,) (1 — pL.) — (pCR, — pMypg) pC,R, (24) 
— p°C,C,M?,, = 0 
(1 — p*C,L,) CR, + (1 — p?C,Le) (CLR, — Mypg) es O (25) 
If we eliminate M,,g we obtain a cubic equation in y, 
showing that there are three possible frequencies of oscillation. 
If we tune the two oscillation circuits and make O,L, = C31, 
we obtain for the value of g the equation 


*_ Git GR, 
‘ 1p 


Hazeltine has given (loc. cit.) a large number of schemes of 
Tee s 


(26) 
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connection in which two oscillatory circuits are intertwined 
and coupling effected by transformers or condensers. Two 
modes of connection for oscillation generation m a single 
circuit are delineated in Fig. 150 and Fig. 151. The value of g 


Fic. 150.—Scheme of Connections of Three-electrode Valve, coupled 
to a Single Oscillatory Circuit. 
L=Ig+Iy+2M, R=R,+ Ry 
= CLR 
oh, + (Ly FH) 


Fic. 151.—Scheme of Connections equivalent to the Ultraudion of 
de Forest. 
Wines CyCg Hess O'R (Cq + Cp)? 
Co + Cy L CC, 


for each case is given under the diagram. The diagram 
Fig. 150 is equivalent to a mode of connection known as the 
“ Western Electric” circuit, and Fig. 151 is equivalent to a 
scheme of connections which has been called by de Forest the - 
“ Ultraudion.” In connection with this part of the subject the 
reader may be referred to a Paper by Captain E. V. L. Appleton, 
R.E., “A Note on the Production of Continuous Electrical | 
Oscillations by the Three-Electrode Valve,” in The Electrician 
for December 27th, 1918. 


7. The Efficiency of the Valve Generator.—We must 
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consider in the next place the question of the efficiency of the. 
three-electrode valve as a generator of electric oscillations. 

By this term is meant the ratio, expressed as a percentage, 
of the electrical power given to the external anode circuit in 
the form of alternating current to the total power given to the 
valve in the form of direct current. This last power is divisible 
into two parts, viz., the power expended in heating the fila- 
ment which in watts is the product of the filament-ampere 
current and filament voltage, and the power in the form of 
high-voltage direct current given to the plate-filament circuit 
of the valve. In high-power valves the filament power is small 
compared with the plate-current power, and may generally be 
neglected. 

In the following treatment we shall take the efficiency of the 
valve as a generator to be the ratio of the alternating power 
given to the external anode circuit to the direct current power 
supplied to the valve by the plate battery or other D.C. agency, 

In the first place let us limit our attention to the efficiency 
of the valve when we are working only on the straight or 
central part of the grid voltage-plate current characteristic 
curve and symmetrically with regard to the central point of 
that curve. 7 . 

Then if we employ the same nomenclature and symbols as 
in Chapter IV., we can state that the total plate current 7, at 
any instant is the sum of a direct current A supplied by the 
plate battery and an alternating part of instantaneous strength 
4 and maximum J, and sine wave form so that, 7 = I, sin wt. 

In the same manner the plate potential Up is the sum of a 
constant part V due to the plate battery, and a sine form 
alternating part v; = V, sin wt. The direct current power 
supplied by the battery is measured in watts by the product 
AV or amperes x volts. 

The alternating power given to the plate circuit is the mean 
value during a period of the product 24%, and if these are both 
sine functions and in step as regards phase, which is nearly 
the case for the conditions above specified, then this mean 
product is given by $1,Vq, and the efficiency will be 


TAR 
pA 


Since the total plate voltage and plate current consist of a 
direct part with a superimposed sinoidal alternating part, it is 
clear that the greatest amplitude the latter can have is when 
their maximum values are equal to the direct values, so that 


8 2 


(27) 
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the plate voltage and plate current are just reduced to zero or 
doubled at the maximum, which occur alternately at equal 
intervals of time during the phase. 

But when V, = V and I, = A, the efficiency under these 
best conditions reaches only 0-5 or 50 per cent., and as a matter 
of fact may be not more than 40 per cent. 

If this were the only condition under which the valve could 
be worked as an oscillator, it would hardly be more efficient 
for wireless purposes as a generator than the Poulsen Arc, and 
much less than that of the best types of high-frequency 
alternator. | 

It fortunately happens, however, that we are able to obtain ~ 
from the thermionic valve much higher efficiencies than 50 per 
cent. by an appropriate adjustment of the grid and plate 
voltages and circuits. It is obvious that the dissipation of 
energy in the valve itself, which is the principal cause of the 
inefficiency, is due to the bombardment of the anode plate by 
the electrons emitted by the filament which dissipate part of 
their kinetic energy as heat at this impact. 

Under the conditions of working above assumed, this bom- 
bardment of the anode takes place at all instants more or less 
during the phase, since we supposed that the mean grid 
potential is zero, and that it rises and falls to an equal range 
above and below it. 

If, however, we give to the grid a certain direct negative 
potential, so that during the oscillations of the grid potential 
which are superimposed the plate current is reduced to zero 
for the whole of the time the grid is negative, the result will be 
an improved efticiency of transformation. In this case the 
anode will only be bombarded by electrons for half the period. 

. During the time that the electron current is directed to the 
anode plate, it lowers its steady positive potential due to the 
plate battery. The power expenditure dissipated at the anode 
is therefore the mean value of the product of this lowered 
positive plate potential, and the electron current directed to 
the plate, and lasts only during one half of the phase. 

During the other half of the phase, when the electron stream 
is arrested by the grid being made negative, the potential of 
the plate rises again. 

In order to explain more particularly the conditions under 
which we can obtain transformation efficiencies greater than 
50 per cent., we shall assume a certain arrangement of the 
valve circuits as follows : 

Let the plate battery B have its negative pole connected to 
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the filament of the valve V (see Fig. 152), and let its positive 
pole be connected through a choking coil, Choke, with the 
plate P. Let the plate and filament be also connected through 
an inductance coil L of low resistance R, and this short cir- 
cuited by a condenser C. The grid G of the valve is con- 


i 


YQOQQOQOO 
2) 


POTENTIOMETER 
Fig. 152. 


nected to the filament through another coil L,, which is coupled 
inductively to the plate coil Z, so that alternations in the 
direction of the current in L serve to give the grid potentials 
of the appropriate kind to maintain the alternating current in 
L. We may then regard the charged grid as a kind of tap which 
serves to permit or stop the rush of electrons from the filament 
_to the plate maintained by the battery B at a positive potential. 

This tap is, of course, worked by the alternating plate current 
in the coil L,. 

Let us assume that the grid is negatively charged, which is 
equivalent to the tap being shut. The battery is then sending 
an electron or negative current through the coil Z from the 
filament to the plate end. 

Suppose then that the grid suddenly becomes positive, or 
the tap opens. There is then a rush of electrons inside the 
valve from the filament to the plate, and this lowers the 
potential of the plate and correspondingly raises that of the 
filament. This rush constitutes the mternal plate current of 
the valve. 
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At the same time there is a movement of electrons in the 
coil L towards the filament. 

This constitutes the external plate alternating current or 
one phase of it. Let us suppose, then, that the potential of the 
grid is suddenly made negative again, or the tap shut. 

The flow of electrons through the valve is at once arrested. 
The coil Z has, however, considerable inductance, and the 
electron stream in it towards the filament is not at once 
arrested, but tends to flow on and charge the filament side of 
the condenser C with negative electricity. The result of this 
is to raise the potential of the anode plate Prather above the 
steady potential due to the plate battery B. 

This current in L is, however, presently reduced to zero and 
reversed in direction, and the battery Bthen sends an electron 
current through L, from the filament end to the plate end. 

Superimposed upon this battery current there is a current 
due to the discharge of the condenser C, which acts in the same 
direction. 

It will be seen, therefore, that the steady or direct potential 
difference of the plate and filament has superimposed on it an 
alternating potential difference which alternately raises the 
potential of the plate above or reduces it below the steady 
potential due to the plate battery. 

In addition, there is an intermittent rush of electrons through 
the valve, this rush only taking place during one half of the 
period, when the grid is made positive in potential compared 
with the filament. Lastly there is an alternating current in the 
inductance coil L, which comprises a sudden rush of electrons 
towards the filament end during the time the grid is positive, 
and a slower or more steady current of less maximum value 
in the opposite direction during the time the grid is negative. 

Consider in the next place the power given to, or taken from, 
the external current and dissipated against the plate or anode 
of the valve. | 

During the time the grid is positive, the anode is being 
bombarded by electrons and energy being dissipated as heat. 
Owing to the added direct current negative potential of the 
grid, this bombardment only takes place during the half 
period that the grid is positive in potential. 

During this time, power is being drawn from or given up by 
the external inductance-condenser circuit. 

At the reversal of the grid potential the plate potential then 
rises above its steady value, and the electron current in the 
valve is stopped whilst power is given back to the external 
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valve circuit in larger amount than it was taken from it during 
the previous half period. 

There is, therefore, a give and take of power to and from this 
external circuit with, on the whole, a balance of power given 
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Fia. 153. 


to it. The dissipation of energy against the plate due to the 
valve electron stream is confined to one half period. 

The relative phases of these currents and potentials can best 
be appreciated by examining the diagram in Fig. 153, which, 
however, is not quantitative, but only generally descriptive 
of the course of events, 
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Under the conditions of working we have assumed, viz., 
that the electron bombardment of the plate is arrested for half 
the period, and that the internal plate current is, therefore, not 
sinoidal in form, and hence the external alternating current is 
also not sinoidal, it is possible to have efficiencies of trans- 
formation of direct to alternating current power which are 
much greater than 50 per cent. A very complete study of the 
effect of this change of wave form of the alternating part of 
the external plate circuit current in an oscillating valve has 
been made by Professor J. H. Morecroft, in a paper to the 
American Institute of Electrical Engineers (see vol. xxxviii., 
October, 1919), and reproduced in his book on Principles of 
Radio Communication, p. 539. 

He has shown that for certain square-topped wave forms, the 
efficiency may rise to 80 per cent. or a little more, and has con- 
firmed in a general way by experiments the fact that the 
efficiency of transformation can be raised in this manner con- 
siderably above 50 per cent. by imposing on the grid a steady 
negative potential so as to stop the electron bombardment of 
the plate during half the period. 

If we denote by P, the output of alternating power of a 
valve on the external circuit and by P, the power dissipated 
against the plate, then the efficiency 7 is given by 


ed Pe 


Seok 7 
7 Po + Po 1—y 
Hence, for a given efficiency the output of a valve is limited by 
the power which can be safely dissipated against the plate. 
This shows the great advantage of water-cooled anodes in 
increasing the output for a given size-of valve. 

Another point to notice is that whilst a valve is oscillating, © 
the whole of the power imparted to it is not expended against 
the plate as heat. If, however, the oscillations stop, the plate 
may be melted unless the impressed high plate voltage is also 
removed. 

8. The Dynatron Generator.—A thermionic oscillation 
generator of very great interest has been developed in the 
Research Laboratory of the General Electric Company of 
America, an account of which has been given by Dr. Albert W. 
Hull in the Proceedings of the Institute of Radio Engineers 
for February, 1918 (vol. vi., p. 5). This appliance is a hot 
cathode vacuum tube possessing a so-called negative electric 
resistance. It has been christencd by the not very suggestive 
name of a dynatron. 
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In general construction it is not very different from other 
types of three-electrcde valve, and comprises an incandescent 
filament, a grid or perforated plate and an anode or plate, all 
enclosed in a highly-exhausted glass bulb (see Figs. 154 and 
155). 

The dynatron, however, utilises the secondary emission of 
electrons from a plate upon which the primary electrons 
impinge. It can be used as a generator of oscillations and feeds 
energy into any circuit to 
which it is connected. It 
comprises, besides the in- 
candescent tungsten fila- 
ment, F, a _ perforated 
anode, A, and a third elect- 
rode, P, called the plate. 
The plate is fixed near and 
behind the perforated 
anode, so that some of the 
electrons drawn out of the 
filament shoot through the 
holes and strike the plate. 


The filament is rendered om Safe fefepafefaf [ip ye 
incandescent by one bat- eS aay Be 


tery, B,, and another, B,, is 
ee ee Fig. 154.—Diagram showing the prin- 


provided for maintaining ciple of the Dynatron. /', Tungsten 
the anode at about 100 filament rendered incandescent by 


volts potential above the Batteries B,, B,. A, Perforated anode, 
and P, Plate anode. 

filament. This last-men- 

tioned voltage is not varied, and the anode plays no part 
except to set in motion electrons towards the plate. These 
strike the plate with great velocity and liberate from it 
other electrons, called secondary electrons. Fig. 154 shows the 
general construction and Fig. 155 a perspective view. In 
practice the plate is a cylinder, and the anode another inner 
cylinder, full of holes, or else a spiral of wire. 

The action is as follows: Electrons are dragged out of the 
hot filament by the electric force due to the positive potential 
of the anode and shoot through the holes and strike the plate. 
If the plate is at a low potential with respect to the filament, 
these electrons enter it and form a negative current in the 
external circuit. If the potential of the plate is raised, the 
velocity with which the electrons strike the plate will be 
increased, and when this is great enough, the primary electrons 
will ionise surface atoms of the plate and cause the emission 
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of secondary electrons. These will be attracted to the more 
positive anode, and hence they will diminish the net number 


Fic. 155.—Perspective View of the Dynatron. 


entering the plate—that is, will decrease the current into the 


plate. 
The number of secondary electrons emitted increases very 


rapidly with the potential difference of the plate and filament, 


3 


Milli amperes 
tw 
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Fria. 156.—The characteristic Curve of a Dynatron showing the falling 
characteristic between points Ag and Co. 


and may become very much greater than the number of 
primary electrons, ; 
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If we plot a characteristic curve showing the current entering 
the plate or flowing in the external circuit in terms of the 
potential difference (P.D.) of the plate and the negative end 
of the filament, we find that curve to be as in Fig. 156. As the 
P.D. increases from zero, the current first increases, which 
means that more and more primary electrons strike the plate. 
Beyond a certain P.D., of about 25 or 30 volts in this case, the 
current begins to fall off. This 1s because more and more 
secondary electrons are emitted from the plate, which reduces 
the net or resultant electron intake of the plate. The current 
may not only fall to zero, it may become negative, but beyond 
a certain limiting P.D. the current again increases positively, 
because the anode potential is no longer sufficient, compared 
with the plate potential, to carry away all the secondary 
electrons. 

Hence it is clear that over a wide range of potential of the 
plate (in the case of the tube here considered it is 50 to 150 
volts) the current curve has a negative slope or is a falling 
characteristic and the tube may be said to have a negative 
resistance ( = — 1). 

Therefore, starting from the P.D. at which the thermionic 
current is zero, we have a considerable range of P.D. over 
which the current is proportional to the voltage, but is in the 
opposite direction, so that increase of voltage implies decrease 
_ of current or increase of negative current. Therefore we may 
say that the relation of current (= 7), P.D. (= E), and resist: 
ance (= — 1), 18 given by the equation 1 = EH /(— 7). 

The term negative resistance 1s not a very suitable one, as 
resistance of any kind is essentially a positive quality. It is 
the quality of a conductor in virtue of which a current through 
it dissipates energy. In the case of non-inductive circuits con- 
taining no source of electromotive force and for steady uni- 
directional currents it is measured by the ratio of the volt drop 
(v) down the conductor to the current (2) in it. 

The ratio dv/di can, however, be negative if the current (7) 
decreases as the P.D. (v) increases. 

If the portion of the current-voltage curve where dv/di 1s 
negative is a nearly straight line, then we may say that the 
ratio v/i is negative for that part and denote it by —r. The 
magnitude of this negative resistance for the dynatron and 
the range of voltage over which the characteristic curve is 
practically straight depends upon the anode potential, the 
temperature of the filament and the distance or form of the 
electrodes. The effect of varyimg anode potential is to shorten 
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or lengthen the range over whith negative resistance exists. 
Varying the temperature of the filament changes the value of 
the negative resistance without affecting the voltage range of 
this part of the characteristic curve. 

If the dynatron is joined ‘in series with an ordinary 


€--\f' <-> 


Fic. 157.—The Dynatron as a Voltage Magnifier when used in Series 
with a Resistance, R. 


| metallic resistance the whole circuit taken together has very 
| interesting properties, because part of the resistance being 
negative, and part positive, the resultant resistance may be 


R 


Fig, 158.—The Dynatron used as a Current Magnifier in Parallel with 
a Resistance, R. 


small, and hence a large change in current flowing through it 
will be accompanied by only a small change in the total or 
resultant potential drop down the compound circuit. 

In Fig. 157 is shown the arrangement in which R is a metallic 
resistance and J the current flowing through it and the dyna- 
tron. Let v, be the volt drop down the, resistance R and v, 
that down the dynatron, then v, = IR and v, = — Ir, 
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Hence, if V is the resultant or applied P.D., we have V = 

I(R — r) and 
Ui Sas ape Le 
VoR-gr 

This can be made a large ratio by making FR and r nearly 
equal. Hence, such a circuit acts as a voltage magnifier of 
any required amplification. With constant batteries an 
amplification of one thousandfold can be obtained. 

If the metallic resistance is put in parallel with the dynatron, 
as shown in Fig. 158, then the arrangement becomes a current 
amplifier. 

Let I be the total current before division between the two 
parts of the current and let 7, be the current through the 


Fra. 159.—The Dynatron used as an Oscillation Generator in Series 
with a Circuit having Capacity, C, and Inductance, L. 


~ metallic resistance R, and 7, the current through the dynatron. 
Then we have 
4 


. jae RPA 
[=i +%=2(p- .) 


r 
where E is the volt drop down the resistance R. 
ig tage eat 
Te Ne Rr 
‘This ratio may be made large by making A and r nearly 
equal. The resistance R may be the coil of a galvanometer, 
relay, or microammeter, and the current / may be any small 
current it is desired to amplify. Hence, by putting a suitable 
dynatron in parallel with a relay we can oreatly magnify a 
current to be relayed. 

A third and very interesting use of the dynatron 1s for 
generating oscillations, which can be done as follows : 


Hence 
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Let a dynatron be arranged in series with a circuit com- 
prising an inductive resistance of inductance, L, and resistance, 
&, and a condenser of capacity C (see Fig. 159). Let I be the 
current through the inductive resistance and V the potential — 
fall down it, and let 7 be the current through the dynatron. 
Then I -+ ¢ is the current through the condenser. | 

Then the following equations hold good : 

_ For the inductive resistance we have 


Ee RE Vo 
For the condenser, 
[+i=—O ay, (29) 
3 : dt 
For the dynatron, 
jn ie) 


where 7, is some constant. 3 
Kliminating V and i we have the equation 


PROS es Pie [ae a R ioe 

TP T—wo)atieG-S1+f=0. oy 
The above differential equation has two solutions deter- ~ 3 

mined by the algebraic sign of the quantity, . 


Revahnee ga : 
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If this last is a negative quantity—that is, if o is greater 


2 3 
than (= of sc) —then the proper solution of the differen- 


tial equation is 


Beato —(i- 50) ( Ree te ) 
Soy est ata ? 008 (6/7 (a7 +35) =a 


(33) 
where « is a phase angle and A is some constant, 
The above is the expression for a damped oscillation of 


; : 1 
which the damping factor is ae — oO athe the frequency n Is 


1 1 R 1\4 
av Te (antao) ~~ +. 
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R lS eat 
The term is a FO is In practice very small compared 


with = and hence we can say that the frequency of the 
oscillations is sa 
; 2ar/ erp 

Two cases therefore have to be distinguished—viz., those 


R ] Pe 
in which the damping factor OTs Or has a real positive 


value and. that in which it is negative. 

In the first case the oscillations when started die away, but 
the decrement may be made as small as possible by adjusting 
R,, L,, C and r so that the above damping factor is small. 
The criterion that the system shall generate oscillations is that : 


ft ee shall be zero or less than zero—that is, Rr must be 
2b 2rd 
equal to or less than L/C. 

It is found in practice that this condition can be fulfilled 


over a wide range of values of 1/27V LC, and therefore that 


it is possible to make the dynatron a generator of oscillations 
of controlled frequency. 

The wave form depends on the values of L/C and Rr. I 
these quantities are nearly equal the wave form will be a 
nearly perfect sine curve, but with increasing distortion as 
the ratio of L/C to Rr increases. This has been proved by 
Dr. Albert W. Hull experimentally (loc. cit.). 

Hence the dynatron satisfies the requirements for a radio 
generator. Its efficiency, however, 1s low, probably not more 
than 50 per cent., but in the case of small power outputs this 
is not a serious matter. So far the largest size constructed will 
give about 100 watts output im high-frequency oscillations. 

A modification of the dynatron, which has been called a 
pliodynatron, is constructed by enclosing the incandescent 
filament in a grid or spiral of wire and bringing this spiral to a 
fourth terminal sealed through the glass. The grid is surrounded 
by a perforated cylinder which forms one anode, and this again 
by another unperforated cylinder which forms the plate. 
These various electrodes enclose the filament without touching 
it or one another. The instrument is then a four-electrode hot 
cathode vacuum tube (see Fig. 160). The grid potential can 


creating oscillations, a slight decrease in grid poten will 
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be varied by external means, as in the case of the three-electrode 
valve. 

By giving the grid a positive or a negative potential we can 
vary the number of electrons leaving the hct cathode, and 
therefore vary the negative resistance of the tube. The 
negative resistance decreases with increasing grid potential 
and is inversely proportional. Hence, if the tube is con- 
nected as above. described to an oscillatory circuit and is 


— 5 


Fig. 160.—Perspective View of the Pliodynatron, a four-electrode 
thermionic amplifier. 


stop the oscillations. 

If the negative resistance part of the characteristic curve is 
not straight, but curved, then the oscillations are not abruptly 
stopped, but their amplitude is decreased in value when the 
grid potential is reduced. This is exactly what is required in a 
generator for radiotelephony, in which we require to control 
the amplitude of the oscillations by the varying current passing 
through a microphone. 

The form of four-electrode valve, called a pliodynatron 
by its constructor (see Fig. 160), comprises a metallic fila- 
ment forming the cathode which can be rendered incandescent 
by a current. This is enclosed in a highly-exhausted glass 
bulb. Around this filament is a grid, and around that a 
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perforated anode cylinder, and outside that a plate in the 
form of a cylinder. 

The plate is connected to an oscillation circuit which is 
coupled inductively to the aerial (see Fig. 161). 

In addition to the battery heating the filament a battery of 
larger voltage is employed, part of which is connected between 
the filament and the perforated anode, with the latter made 
positive. <A cell or two of this latter battery is connected 
between the filament and the grid, and includes in this circuit 
the secondary coil of a transformer, in the primary of which is 
- a telephone transmitter, microphone, M, and battery. It 
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Fic. 161.—Scheme of Circuits for a Radiotelephonic Transmitter 
employing a Pliodynatron, made by the General Electric Com- 
pany of U.S.A., as oscillation generator. 


has already been explained’ in connection with this instru- 
ment that if the current in the external plate circuit is 
plotted in terms of the potential difference between the plate 
and negative end of the filament the curve so obtained first 
rises up, then falls, and finally rises once more (see Fig. 156). 
In the middle region the current falls as potential difference 
increases, and the vacuous space may then be said to have a 
negative resistance. | 

In practice this line is a curved line, and the so-called 
negative resistance is inversely proportional to the grid 
potential. Hence, if the ratio of inductance to capacity in 
the external plate circuit is sufficient to start oscillations, as 
above explained, a slight decrease in grid potential will stop 
the oscillations. 

If the negative resistance part of the characteristic curve is 
not a broken straight line, but a gradually curved line, the 

T.V. dt 
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gradual changes in potential of the grid will be accompanied 
by corresponding gradual changes in plate current, and this is 
just what is required to effect radiotelephony. Hence, if the 
plate oscillation circuit is coupled to an aerial, as shown in the 
diagram in Fig. 161, and if the grid circuit includes a micro- 
phone transmitter and transformer, speech made to the micro- 
phone will cause changes of antenna current which repeat the 
motions of the microphone diaphragm, and therefore modulate 
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Fic. 162.—Arrangement of Circuits for using the Three-electrode 
Valve as a Generator of Oscillations, with coils R and Zin the | 
grid, and plate circuits coupled closely together. 


the antenna current and radiated wave amplitude in a manner 
corresponding to the wave form of the speech made to the 
microphone. 

9. Various Valve Circuits for Production of Oscillations.— 
There are in addition to the above schemes of circuits of 
oscillating valves already described in this chapter a number 
of other modes of connection, and these, together with the 
arrangement of banks of valves for the construction of high- 
power valve transmitters for large radio-stations as well as 
the connections requisite for transmitters for wireless tele- 
phony, will be considered in Chapter X. as thermionic valve 

lant. 

: In the application of the generating valve as a transmitter 
in wireless telegraphy and telephony it is of course necessary 
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to transfer the oscillations generated by it inductively to an 
aerial wire. 

The following is a description of a simple C.W. generating 
set, described by Mr. J. Scott-Taggart in The Wireless World 
for April, 1919, in an article entitled “ Practical Notes on the 
Use of Small Power Continuous Wave Sets,” which will serve 
as a preliminary illustration of one way in which C.W. oscil- 
lations can be set up in an aerial wire by a single valve. 

The aerial (see Fig. 162) is in series with a tuning coil, Z, and 


Fic. 163.—Arrangement of Circuits due to Captain H. J. Round, using a 
three-electrode valve for the production of undamped electric 
oscillations in radiotelephonic transmitters. 


this is shunted by a small tuning condenser, (,, of variable 
capacity averaging about -005 microfarad. Another condenser, 
Cy, is inserted between the base of the coil LZ and the earth, 
having a hot-wire ammeter, A, in series with it. The plate, P, 
of the valve is connected through a high-tension battery of 
about 400 volts and a key, K, with the upper end of the coil Z. 
This battery is shunted by a small condenser. 

The grid, G, is connected through a coil, R, with the filament 
of the valve and the coils, R and L, are coupled inductively 
with a variable coupling. 

The frequency of the oscillations set up depends on the 
inductance, £, and on the capacity, C,, and to some extent on 
the coupling of Rand LZ. If the coupling of the coils, R and L, 
is sufficiently close, then on closing the key, K, the system will 
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commence to oscillate and the ammeter, A, should read about 
15) milliamperes and should be capable of being increased to 
about 300 milliamperes by careful adjustment. This current 
should be perfectly constant as long as the key is kept down. 
It is convenient to tune for a wavelength of about 1,000 metres, 
which implies a frequency of 300,000. 

In transmitters employed in wireless telephony the ampli- 
tude of these aerial oscillations has to be controlled by a carbon 
or other microphone which changes this amplitude in accord- 
ance with the wave form of the speech made to the micro- 
phone. 

Several methods of effecting this control are described 
in the British Patent Specification No. 13,248 by Captain 
H. J. Round, -of Marconi’s Wireless Telegraph Company, 
in which either one or two three-electrode valves are 
employed. In the single valve arrangement (see Fig. 163) 
the grid circuit comprises an oscillation circuit, P,K,, and 
also in series with it a stopping condenser, K, which is 
shunted by a resistance, R,, and battery, B,. The plate 
circuit contains also an oscillation circuit, P,K,, and a con- 
denser, K;, shunted by a resistance, Ry. G represents a direct 
current generator which may conveniently be a battery of 
storage cells giving 20 to 60 volts or so. The inductance coils, 
P,and P,, are arranged with mutual induction, and when used 
for radiotelephony there is an intermediate circuit which con- 
tains the speaking microphone which couples P, and P,. 

The coil P, is also coupled to the aerial, 4. The mutual 
inductance of the grid and plate circuits is made close enough 
to maintain oscillations in the system. 

It is clear from the text of the specification that Captain 
Round employs a rather “soft”? valve with not very high 
vacuum and that the gaseous ionisation which takes place at 
a certain grid potential plays a part in the process. The object 
of the resistance R, in the plate circuit is to prevent the plate 
current rushing up to the point at which an are will start 
between filament and plate if this ionisation exceeds a certain 
amount, but the valve is worked at a point just below that at 
which the current due to ionisation begins to increase rapidly. 
The operation of the arrangement is then as follows : The valve 
starts oscillating when the coupling of P, and P, is sufficiently. 
close and the circuits P,K,, P,K, must be tuned to each 
other and to the aerial, A. Undamped oscillations are thus 
set up in the aerial. When speech is made to the carbon micro- 
phone, M, in the intermediate circuit connecting inductively P, 
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and P, the aerial current is varied proportionately to the 
change in resistance of the microphone. Hence the variation 
in amplitude of the aerial oscillations and waves follows the 
wave form of the speech waves. 

In demonstrations made with this generator for the Italian 
Navy, Captain Round found that very small antenna currents 
such as 0-2 ampere were sufficient to enable radiotelephony to 
be conducted over 70 kilometres, owing to the perfect regu- 
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Fie. 164.—Arrangement of Circuits employing Two Three-electrode 
Valves, due to Captain H. J. Round, for production of undamped 
oscillations for radiotelephony, the amplitude being controlled 
by a Microphone, M, in an intermediate circuit. 


larity of the oscillations and absence of stray noises, and hence 
ability to employ a magnifying valve as a receiver. 

In another arrangement for wireless telephony Captain 
Round employed two three-electrode valves in series connected 
as in Wig. 164, where the microphone, M, is shown in an 
intermediate circuit which couples the plate circuit of one 
valve with the grid of the next. 

The microphone can also be placed if required in the aerial 
or antenna circuit provided the current in the antenna does 
not much exceed half an ampere, which is the limit of safe 
working with an ordinary carbon granule microphone. 


CHAPTER VII. 
THERMIONIC VALVES AS AMPLIFIERS AND Derecrors. 


I. The Thermionic Valve as a Detector.—We have already. 
briefly mentioned in Chapter III. two modes of employing 
the three-electrode valve as a detector of electric oscillations. 
One of these, which depends on the simple rectifying power 
of the valve, is especially applicable in the detection of inter- 
mittent trains of damped oscillations. The other takes 
advantage of the peculiar curved form of the grid voltage- 
plate current characteristic curve at its extremities. 

The plate current of the valve, as already explained, is a 
function of the grid and plate voltages, and of certain para- 
meters or constants of the tube determined by its construction. 

It has not been found possible to find any algebraic expres- 
sion or equation which applies to the whole length of the 
characteristic curve. In its central portion this curve is 
very nearly a straight line, but its curved extremities are 
nearly parabolic in form. | 

If 7, denotes for the plate current v, the grid potential, and 
v» the plate potential, then the relation between them can 
nearly be expressed by a function of the form— 


Ig =A (bp +. ity) 
where A and k are the valve parameters, and the exponent n 
has different values at different parts of the curve. In the 
central portion n may be taken as unity. At the curved 
extremities m has been stated by some writers to have the 
value 2, and by others 1-5. 

2. The Thermionic Valve as an Amplifier.—The great utility 
of the three-electrode valve arises from its ability to act not 
only as a detector of feeble electric oscillations, but as a relay, 
amplifier or magnifier of alternating electric currents of any 
frequency, no matter how high. 

If the filament and grid of the valve are respectively con- 
nected to the terminals of any circuit in which there is an 
alternating current, and if the grid is given such a direct 
potential as to bring the anode current to the central point 
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of the straight part of the characteristic curve, then it is clear 
that an alternating potential applied to the grid will create a 
corresponding variation of the plate current, as indicated in 
Fig. 165. 

The plate current, then, consists of a direct portion and 
an alternating part. If a suitable oscillation transformer has 
one circuit included in the 
external plate circuit of the 
valve, the secondary ter- 
minals of that transformer 
will experience a variation 
of potential which, in its 
mode of variation, is an 
exact copy of that of 
the grid potential, but its 
amplitude may be much 
oreater. 

In this mode of use the 
three-electrode valve acts 
as a pure relay, amplifier 
or magnifier of alternating 
electric currents. It does 
not matter whether these yg, 165.—A Plate Current—Grid Voltage 
fluctuations of grid poten- Characteristic Curve, showing varia-. 
tial are slow or rapid, or tions of Plate Current for simple har- 
eM air wave <form. monic variations of Grid Potential. 
They are reproduced exactly on an enhanced scale, so long as 
the potential variations of the grid are confined within the 
limits of the straight portion of the characteristic curve. 

The grid potential variations are magnified by the above 
arrangement in a certain ratio, which may be called the 
magnifying power of the valve and transformer. It will 
depend partly on the structure of the thermionic valve and 
partly on that of the two-coil transformer associated with it. 
If we employ the arrangement to magnify high-frequency 
voltages, called radio-amplification, then the transformer 1s 
usually a two-coil air-core transformer. If it is employed to 
magnify low-frequency currents, called audio-amplification, 
then the transformer may have a laminated iron core. 

As an instance of radio amplification we may take its use to 
amplify the feeble high-frequency oscillations in the condenser 
circuit of a wireless telegraph receiver plant receiving damped 
wave signals, which it is required to rectify and read with a 
telephone receiver (see Fig. 166). For this purpose it may 
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be necessary first to amplify the feeble radio-frequency 
oscillations, 

The simplest method of using the thermionic valve for 
radio-amplification is, then, to connect the erid and filament 
of the thermionic valve to the terminals of the tuning condenser 
in the closed receiver circuit. The plate of the condenser 
connected to the grid then becomes alternately charged + 
and —. The grid therefore is alternately raised and lowered 
in potential and creates in the plate current an increase or 
diminution which is equivalent to superimposing an alternating 
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Fic. 166.—Connections for Use of a Three-electrode Valve employed as 
a Radio-amplifier to operate a Crystal or other Detector. . C2, 
Crystal detector. ', Telephone receiver. B,, Filament heating 
battery. By; Boosting battery. NL, Jigger coupling circuit 
LC to the plate circuit. 


high-frequency current upon the steady D.C. plate current. - 
This alternating part of the current. can be transferred by an 
oscillation transformer to a tuned oscillation circuit and to 
the terminals of the condenser in this circuit a crystal detector 
such as a carborundum crystal or a contact of zincite and 
chalcopyrite in series with a high resistance Bell telephone 
can be connected (see Fig. 166). The crystal then gets the 
benefit of the augmented power drawn from the battery, B,, 
in the plate circuit, and the arrangement constitutes a crystal 
detector operated through a thermionic relay instead of 
directly by the received oscillations of small power. 

Another typical mode of connection is shown in the diagram 
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in ae 167 taken from a British specification No. 8,821 of 
1913.1 

-In this mode of connection a battery is shown inserted in 
the grid circuit, but the usual tuning condenser is omitted. 
It is, however, an ad- 
vantage to give a de- 
finite period of oscilla- 
tion to the grid circuit 
by the insertion of a 
condenser to make a 
closed oscillation circuit 
coupled to the antenna 
and syntonic with it. 

The variations of 
potential created in the 
grid are then repeated 
as current variations in 
the plate circuit. These 
are transferred by an 
inductive coupling 
through a transformer, m 
FR (see Fig. 167), to a = 
closed circuit which con- Fic. 167.—Connections for use of a Three- 


; _ electrode Valve as an Amplifying Relay of 
bans: 8 crystal or elec a Crystal Detector. J, Crystal detector. 


trolytic detector, l, and m, ‘Telephone receiver. R, Coupling 
a telephone, Mt, 3S a transformer. a, Three-electrode valve. 


shunt to the condenser 
in the crystal circuit. The rectifying detector, 1, may be 
replaced by a Marconi magnetic detector if necessary. 

In the diagram, the battery h, shown as inserted in the grid 
circuit, should preferably be replaced by a potentiometer 
arrangement enabling the grid potential to be exactly adjusted 
to any required voltage, so that the alternating potentials 
applied to the grid by the oscillations in the aerial give to the 
plate current equal increments or decrements, above or below 
the normal steady value due to the plate battery alone. In 
other words, enable us to work on the straight line part of 
the characteristic curve. 

The arrangements of circuits shown in Figs. 166 and 167 
with radio-amplification by a valve and simple rectification 
by a crystal are only applicable for detection in the case of 


1 Application by the Wireless Telegraph Company of Berlin. This 
arrangement is probably due to A. Meissner, but no name of a personal 
inventor is given in the specification. 
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damped or intermittent trains of oscillations. The valve 
amplifies and the crystal rectifies the trains of oscillations into 
gushes of electricity in one direction. These passing through 
the telephone give rise to a sound, the pitch of which is that 
of the spark frequency of the transmitter. 

These gushes of electricity or brief unidirectional electric 
currents may themselves be amplified by another valve before 
passing into the telephone as shown in Fig. 168. This is then 
called audio-amplification. 

In order that the telephone receiver may emit a continuous 
sound which can be cut up into Morse code signals of long and 
short duration the telephone coils must be traversed by an 
intermittent but unidirectional current, the frequency of these 
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Fie. 168.—Two Three-electrode Valves in Cascade, the first giving 4 


Radio-amplification and the second Audio-amplification. D_ is Ss 
the crystal detector and H the head telephone receiver. 


gushes of electricity being about 300 to 500 a second or so. 
This frequency is called the audio-frequency, this last term 
being the short for audition frequency. ie 

The loudness of the sounds in the telephone will depend 
upon the amplitude of these waves of current which pass 
through the telephone. If they arrive with extreme regularity 
we obtain a shrill musical note in the telephone, which is 
interrupted or cut up to form the Morse signals, and the 
musical sound of these signals enables them to be distinguished 
from accidental sounds due to atmospheric electric discharges. 

A simple scheme of connections for audio-frequency ampli- 
fication is shown in Fig. 169, where D is some form ot rectifying 
contact, crystal or valve detector which sends ‘through the 
coil of a transformer, 7',, in series with it a unidirectional but 
intermittent current created by the rectification of trains of 
oscillations. The transformer, 7,, which is an iron-cored 
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transformer, impresses corresponding variations of potential 
on the grid of a three-electrode valve. This, in turn, creates 
similar variations of current in the plate circuit of the valve, 


D 
71 Te 


Fic. 169.—Scheme of Connections for Audio-magnification with Three- 
electrode Valve. The transformers 7', and 7’, are iron-cored. D is 
the crystal or other rectifying detector. 


and these again are transformed by a second iron-cored trans- 
former which passes the periodic part of the plate current to a 
telephone receiver. By suitably designing these transformers, 


| 


Fic. 170.—Scheme of Connections for Combined Radio- and Audio- 
amplification by Three-electrode Valves in Cascade, coupled by an 
iron-cored transformer, 7',, and telephone, H, also similarly 
coupled by transformer, 7',. D is the crystal detector. 


the sounds heard in the telephone can be made much louder 
than if the telephone were inserted in series with the detector, 
D, alone across the terminals of the receiving condenser. 
One set of connections for radio amplification has already 
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been shown in Fig. 166. It is possible to combine in one 
scheme both radio- and audio-amplification, as in Fig. LIDS 
In this case the plate current of the first valve passes through 
the primary circuit of an iron-cored transformer, 7',, and this 
circuit is shunted by some rectifying detector, such as a crystal. 
The secondary circuit of 7’, is connected to the grid of a 
second valve, and the plate current of this last valve is trans- 
formed by an iron-cored transformer, 7',, and the energy 
: transferred to a telephone, H. 
ee It is possible to effect radio- and audio-amplification by a 
5 single three-electrode valve, as shown in Fig. 171. 


Fria. 171.—Scheme of Connections for Combined Radio- and Audio- 
amplification with a Single Three-electrode Valve and Double 
Coupling. 7 is an iron-cored transformer, H head telephone, 
and D is a rectifying Crystal. 


The combined use of single valve for radio- and audio: 
amplification is called dual amplification, and there are many 
schemes of connection by which it can be effected. 

One such arrangement is shown in Fig. 172, taken from an 
article by Mr. E. Chatterton in the Wireless Review for August 
25th, 1923. 

It will be seen that the high-frequency oscillations in the 
recelving condenser are impressed on the grid and filament 
and magnified and passed on to a crystal detector. The low- 
frequency currents resulting therefrom are fed back on to the 
grid. The result is the production of low-frequency oscillations 

. in the plate circuit which affect the telephones placed in it. 
$ 1 See an article on “Ionic Valves,” by Prof. W. H. Eccles, The Year- 


Book of Wireless Telegraphy, 1917 (The Wireless Press, Limited), p. 689. 
Figs. 169 and 170 are taken from this article. 
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Fic. 172.—Scheme of Circuits for Dual Amplification by a Single 
Thermionic Valve. 


The point to notice in the dual amplification circuit shown in 
Fig. 172 is the small condenser C, of capacity -001 microfarad 
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Fig. 173.—An Alternative Scheme for Dual Amplification by a 
Single Valve. ~ 
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placed in the grid circuit. This small capacity passes the high- 
frequency radio current freely between filament and grid, but 
it acts as a high impedance for the low-frequency or rectified 
currents, and hence compels the super-position of these also 
on the grid. 

In Fig. 173 is shown an alternative arrangement for the same 
purpose, only the low-frequency currents which have passed 
the crystal are magnified by an iron-cored transformer, I.P OH or 
betore being led to the filament and grid for audio-amplification. 

The degree of amplification obtained by a single valve 
depends on its construction, but may vary from 1 to 5 to 1 to 10 
generally. The crystal rectifier may, of course, be replaced by 
a two-electrode or Fleming valve, but it is more usual to 
employ a three-electrode valve as the final detector, which is 
operated in one of the two ways mentioned in Chapter III. 

If we are detecting damped or intermittent wave trains, the 
simplest method is to connect the grid of the detector valve to 
one terminal of the transformer in the plate circuit of the 
amplifying valve, through a small condenser called a grid 
condenser. This last may have a capacity of about -0003 to 
‘001 microfarad. The filament of the detector valve is con- 
nected to the second terminal of the transformer. When the 
electric oscillations take place, the unilateral conductivity of 
the space between the filament and grid of the detector cause 
it to act like a simple Fleming valve, and the plate of the grid 
condenser next to the grid and therefore the grid itself becomes 
negatively charged. This, of course, stops the plate current of 
the detector valve. It is then necessary to get rid of this 
negative charge before the arrival of the next train of oscilla- 
tions. This is done by connecting the plates of the grid con- 
denser by a high resistance of 1 to 5 megohms, formed generally 
by a plumbago line made by rubbing a black lead pencil along 
a groove or scratch in a piece of ebonite. This grid leak dis- 
charges the condenser. Hence each wave train impinging on 
the aerial after its oscillations are amplified by the first valve, 
causes a cessation in the plate current in the detector valve, 
which current flows through the receiving telephone. The 
telephone is therefore traversed by an intermittent current, 
the frequency of which is the spark frequency of the trans- 
mitter. This creates in the telephone a sound of identical 
pitch, and this sound is cut up into short and long intervals in 
accordance with the Morse code signals by the manipulation 
of the key in the circuit of the distant spark transmitter. 

In the second method of using the three-electrode valve as 
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a detector, we employ a potentiometer in the grid circuit. 
This consists of three or four dry cells or small storage cells the 
terminals of which are joined by a high resistance wire. On 
this wire slides a contact. 

The arrangement is inserted in the grid circuit adjacent to 
the filament of the detector valve, and by means of the slider 
we can give to the grid any exactly adjusted potential of a few 
volts. Suppose we adjust it near to the lower part of the curve 
of the characteristic. This means that the grid is made so 
far negative that the plate current is rcduced nearly to zero. 
If then oscillations due to damped waves are superimposed on 
the grid, the result is to make it alternately a little more or a 
little less negative in potential. In the case when it is made 
more negative, no effect is produced on the plate current, 
because this current already is zero. When the grid becomes 
less negative, the plate current rises. Hence each train of 
waves as it arrives on the aerial, causes a certain increase in 
the plate current of the detector valve, and these intermittent 
increases cause a sound in the telephone in the plate circuit 
having the pitch of the spark frequency of the transmitter, and 
this can be cut up into sound signals as above mentioned. By 
either of these methods we can employ the three-electrode 
valve as a detector in combination with other valves as radio- 
or audio-amplifiers. A very useful arrangement consists of 
three valves, one used as radio-amplifier, one as detector, and 
the third as audio-amplifier. 

3. Thermionic Valves in Cascade or Multiple Amplifiers.— 
The next great advance in the use of the three-electrode valve 
as an amplifier arose from the recognition that such valves 
could be operated in series or cascade, either for radio- or audio- 
amplification. 

If electric oscillations of potential are applied to the grid of 
one valve, we have seen that this creates oscillations or 
pulsations in the plate current. If this plate circuit includes 
the primary coil of a suitable transformer, then variations 
of current through it create corresponding variations of 
potential at the terminals of the secondary circuit of the 
transformer (see Fig. 174). 

We can apply this amplified potential to affect the grid of 
a second valve, and again couple the transformer of the 
second valve to the grid of a third valve, and so on. The 
great importance of this cascade or series coupling is that the 
resultant magnification of the series of valves is the product, 
and not merely the sum of their separate amplification. 
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Thus, suppose each valve and its transformer amplifies 
potential variations ten times, then two in series amplify 
100 times and three 1,000 times, and so on. Hence, by the 
use of five or six valves we can obtain enormous amplification 
of potential, and by a final detecting valve detect signals 
impossible to appreciate with a single valve. 
There are two principal methods of interconnecting the 
: valves which are joined in series. The first is by a two-coil 
transformer, as just described, and the second called resistance 
coupling, is by placing in the plate current of one valve a 
high resistance of some 10,000 to 100,000 ohms to the terminals 
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Fic. 174.—Connections for use of two Three-electrode Valves in Cascade < 
as an amplifying Detector. The plate circuit of the valve, V,, is 
coupled to the grid circuit of valve, V,, by the transformer, J,. 7’ 
is the telephone receiver in plate circuit of valve V 9: 


of which the filament and grid of the next valve are connected. 
It is then necessary to insert a condenser of small capacity 
in connection with each grid to separate conductively the 
valves from each other. Each valve may have its own 
filament-heating battery, and its own plate or high-voltage 
battery, as shown in Fig. 175. Such an arrangement with 
separate batteries for each valve would be cumbersome and ~ 
impractical, and hence many. schemes of circuits have been 
devised in which a single battery of, say, three storage cells, 
supplies the filament-heating currents at 4 to 6 volts for a 
series of amplifying valves, and a single plate battery of 40 to 
140 volts (generally dry cells) supplies the plate voltage for 
all the valves. 

The interconnecting transformers can have iron cores, 
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provided these are made by compressing very finely-powdered 
iron with some non-conducting adhesive, such as paraffin wax 


or shellac, so as to prevent all eddy current energy loss in the 
core. Such cores are called ‘‘ dust cores.” 

A good example of such a multiple amplifying and detecting 

ce: valve receiver are the four- and seven-valve receivers made by 

Marconi’s Wireless Telegraph Com pany, Ltd. An illustration 

of the four-valve set is given in Fig. 176. It comprises a teak 
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Fig. 176.—The Marconi Company’s Valve Amplifier and Detector, Type 50. 
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box with an ebonite panel, on which are mounted four small 
tubular valves, a series resistance and a potentiometer. The 


The Marconi Company’s Valve Amplifier and Detector, Type 55. 
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first three valves on the left are used in cascade for radio- 

amplification, and the fourth on the extreme right for rectifica- 

tion and detection. The amplifying valves are of the type 
U2 
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known as V 24, and the rectifying valve of the Q type (see 
Chapter III., Figs. 72a and 728). 

The valve filaments are worked in parallel off a three-cell 
storage battery giving 6 volts, and the sliding rheostat inside 
the box controls the filament currents of the amplifying 
valves. The-rheostat controlling the filament current of © 
the detector valve is on the outside top of the box. The 
potentiometer inside the box controls the potential of the 
grids of the three amplifying valves, and that on the outside 
the grid potential of the detector or rectifying valve. 

The plate currents are supplied from a twelve-cell storage 
battery. The receiving telephone is a 60-ohm double head 
magneto. ; 

This particular set is adjusted for a wavelength of 600 
metres. Another similar supersensitive valve receiver set, 
called Type 55, is made by Marconi’s Wireless Telegraph 
Company, Ltd., and contains seven thermionic valves. A 
view of it is shown in Fig. 177. The first six valves in the 
set, which are joined in cascade, are of the V 24 type, already 
mentioned, and the seventh is a rectifying valve of the Q 
type. A 6-volt storage battery supplies the current for 
incandescing the filaments of all the valves, and a twenty-five- 
cell (50-volt) battery supplies the plate E.M.F. to produce the 
plate currents in all the valves. The sensitiveness of this 
set is such that if a few turns of wire are wound on a square 
wood former of 2 ft. length inside and this closed circuit 
aerial connected to the first amplifying valve, the telephone 
in the plate circuit of the last or detector valve will yield 
loud signals from ordinary ship installations 200 or 300 miles 
away provided the plane of the closed receiving coil is vertical 
and approximately in the direction of the transmitter sending 
out the waves. 

The scheme .of connections of this last set is shown in 
Fig. 178. In the first six radio-amplifying valves, V 24, the 
grid circuit of one valve is connected to the plate circuit of 
the previous valve by means of a transformer or induction 
coil, and the two coils of this transformer are joined across 
by a small condenser. The grid of the detecting or last valve, 
Q, is then oscillated in potential over a greatly magnified: 
range and in the grid current of the last or detecting valve a 
variable E.M.F. derived from a potentiometer can be applied 
so as to fix the point of working at the lower or upper bend 
of the characteristic curve. As already explained, the 
oscillations of potential of the grid then cause oscillations in 
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the plate current, but these can be so adjusted by working 
at the selected point of curvature that the mean value of the 


ery, and terminals 
fixing the potential 


’s Valve Amplifier and 


178.—Scheme of Connections of the Marconi Company 
Terminals H.7'. are for the plate batt 


6V for the filament battery. Terminals FG are for a battery 
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current through the telephone connected with the plate circuit 
of the detecting valve is increased or diminished by the signals 
and a sound is heard therefore as long as damped waves impinge 
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on the receiving aerial. The details of the arrangement will 
be understood from the diagram in Fig. 178. 

As the induction coils interconnecting each valve have a 
fixed inductance, and as the condenser connecting the two 
coils has a fixed capacity, there is a limited range of wave- 
lengths or even an exact wavelength for which such a series 
of cascaded valves will operate as a detector. With the 
object of being able to vary this wavelength over somewhat 
wide limits, the Marconi Company supply a valve set in which 
a peculiar kind of iron core is made to slide in or out of the 


oc ie = 
ge AL 

dt ; 
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Fic. 180.—Receiving arrangement of two Valves coupled through an 
Tron-corked Choker, due to Mr. A. Hoyt Taylor. 


coils of the interconnecting transformers. This core is a 
wood rod, having cast round it cylinders of paraffin wax 
impregnated with finely-divided iron. This core cannot 
absorb energy by eddy currents produced in it, but it serves, 
when pushed into the coils, to mcrease the inductance, self 
and mutual, of the coils, and thus varies the natural wave- 
length of the set. The arrangement is shown diagrammatically 
in Fig. 179. 

4. Various Methods of Intercoupling Valves. — Besides 
the above mentioned, there are several other methods 
of intercoupling of valves in cascade when used. as radio- 
magnifiers. 

In place of a simple induction coil it is possible to couple 
two valves through a choking coil as shown in Fig. 180. This 
arrangement is due to Mr. A. Hoyt Taylor. A small stopping 
condenser Cor C,,is placed in series with the grid of each valve. 
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The plate circuit of the first valve contains an iron-cored 
choker M, which permits the passage of the steady D.C. plate 
current furnished by the battery, but stops the H.F. oscilla- 
tions. The result is that pulsatory voltages are impressed on 
the grid of the second valve, producing loud signals in the 
telephones inserted in the plate circuit of the last valve, With 
selected valves and such a circuit, signals from Nauen, near 


4000.000w 
C, 
L, 


Fie, 181.—Receiving arrangement of two Thermionic Valves, both 
used as rectifiers, coupled through a very high plumbago resistance. 
(J. Scott-Taggart.) 


Berlin, have been read at North Dakota, a distance of 10,000 
miles on an aerial 75 ft. high. 

In place of the inductance or choking coil we can employ a 
simple high-resistance coil of wire as a coupler. 

Mr. Scott-Taggart has described (loc. cit.) a number of such 
cascade arrangements. Fig. 181 shows one such scheme. A 
condenser of small capacity, -0003 microfarad, is placed in the 
grid circuit of each valve, and a very high resistance of about 
5 megohms is connected across each grid and filament. This 
last resistance is made by making a groove in a slip of ebonite 
and rubbing an ordinary lead pencil along the groove so as to 
cover it with plumbago. Suitable metal contacts and terminals 
are provided at each end of the groove. In each plate circuit 
is also placed a high resistance capable of being varied from 
10,000 to 100,000 ohms. ; 

The function of this plate resistance is similar to that of the 
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choking coil in Mr. Hoyt Taylor’s scheme. The rapid oscil- 
lations of potential and the slow variations due to the plate 
current are by the resistance communicated to the grid of the — 
next valve. 

Both valves are used as rectifiers and have leaky condensers 
in their grid circuits. In the case of the second valve the 
leak, which is of about 4 megohms, is connected between the 
orid and filament of the second valve. The resistance R is 
about 75,000 ohms. Only one 100-volt battery 1s used for 
both plate circuits and one 6-volt battery for incandescing both 
filaments. 

The telephone in the second plate circuit 1s shunted by a 
small condenser. | 

In this arrangement oscillating high frequency potentials 
are set up across the resistance R, and also much slower 
variations with beat or spark frequency, if a spark trans- 
mitter is employed. At the foot of R we have, therefore, 
voltage impulses of radio- and of audio-frequency and these 
are communicated to the grid of the second valve and are 
amplified into audio-frequency variations of plate or telephone 
current. 

In Fig. 182 is shown a four-valve amplifying circuit of great 
efficiency. The first valve is used as a radio-amplifier and has 
a potentiometer in its grid circuit to adjust the potential of its 
grid to the point on the characteristic curve which gives the 
sreatest plate current variation. The three other valves have 
coupling resistances of about 80,000 ohms. Variations of 
potential are therefore produced at the foot of the resistance 
R, and impressed on the grid of the second valve. This valve 
and the two remaining ones act as high- and low-frequency 
amplifiers and as rectifiers, since they have leaky condensers 
in their grid circuits. Their filament currents are controlled 
by a common resistance R, and the receiving telephone 1s 
placed in the plate circuit of the last valve. The last plate 
circuit and the first grid circuit can also be coupled through a 
small condenser or a resistance, and this coupling (shown by 
the dotted line) strengthens the signals by the reaction prin- 
ciple already explained. 

Fig. 183 shows a six-valve receiving set designed on the 
same lines. Here the first valve on the left is used as a pure 
amplifier of high-frequency oscillations and the remaining 
valves are amplifying rectifiers. Circuits are arranged for 
reactive coupling of the first grid circuit and the plate circuit 
of any following valve. 


THE THERMIONIC VALVE 


298 


pafdnoos ‘apeos 


‘SoOURYSISAL YSIY YSnosryy 
8) UL SOATBA OMOTUIIaYT, nog Surstidutoo ‘Aousroyye yvors Jo yuouraduesre BULAIIDIOY—"Z8T “OL 


ill--41 


Ae 
><> 
D> 
<> 
SIS 
Cy 
<> 
ix . 
- 19 
> 
it UO/ 


299 


THERMIONIC VALVES AS AMPLIFIERS AND DETECTORS 


‘£193;eq 97eTd oy st J pure ‘Ar0}VRq SuIyVoy 
pue sootteysisor YSty YSnoryy popdnoo ‘opvose” UI saasTVA OLMOTULIEY 


ee *-| 


. 


quo] oY} SI P “Sdosuepuoo 


J, XIs Surstiduroo yuouosueIIe SULATONDNY—'E8T “OTA 


y piel 


°9 
00008 osg/ 
8d €&) 


Ne whites cmneitnne 


YOQOQOOU 


ORK, 


300 THE THERMIONIC VALVE 


5. The Regenerative Coupling of Valve Circuits.—A very 
great additional improvement in the sensitivity of thermionic 
valve receivers was made by the discovery of the reaction 
principle. < | | 

In Chapter VI. we have seen that the three-electrode 
thermionic valve possesses the power of generating electric 
oscillations as well as amplifying and detecting them. This is 
achieved by coupling together mductively the plate and grid 
circuits, .so that variations of plate current create variations 
of grid potential which are in the right direction to maintain 
the plate current variations. The power to maintain the 
oscillations is drawn from the plate battery. If the coupling 


Fic. 184.—C, 8. Franklin’s method of using a Three-electrode Valve 
with Grid and Plate Circuit inductively coupled by a Trans- 
former, mn, to act as an amplifying relay on a crystal 
detector, q. 


of the two circuits is not sufficiently close to maintain the 
oscillations it nevertheless increases the sensitivity of the valve 
as a receiver. This method of intercoupling the two circuits 
is called reaction, and it was independently invented by Lieut. 
C. 8. Franklin in Great Britain in 1915.1 and Mr.-E..H Arms 
strong in the United States. 

Franklin coupled together the grid and plate circuits, as 
shown in Fig. 184, by a transformer, mn, the coils of which 
could be separated so as to vary the mutual inductance, Tf 
the coupling is close, then, as shown in the previous chapter, 
the valve will generate oscillations. There is, however, a 

certain limiting value of the coupling beyond which the 


* See British Patent Specification No. 13,636 of June 12th, 1913, filed by 
Marconi’s Wireless Telegraph Company, Ltd., and C. S. Franklin. 
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oscillations are not produced or sustained. The arrangement 
then stands ready to oscillate when the smallest impulse 1s 
given to it by incoming energy from the aerial wire. The 
feeble incoming electric vibrations have energy added to them, 
derived, of course, ultimately from the battery in the plate 
circuit, and the energy not only acts to annul the damping of 
the received signal oscillations by the resistance of the circuit, 
but even more than neutralises it and imparts what may be 
called a negative decrement to the receiving circuits. The so 
sustained and amplified oscillations are then made to act on a 
crystal or other rectifying detector, 7 (see Fig. 184), placed in 
series with a telephone receiver, ¢. A battery, with terminals 
connected by a potential dividing resistance, p!, is employed 


Fic. 185.—Connections for use of a Lieben-Reisz Thermionic Relay to 
operate a Crystal Detector as a Radiotelegraphic Receiver. (Von 
Arco and A. Meissner.) 


in series with the telephone and crystal rectifier so as to 
operate at the most favourable point on the characteristic of 
the said rectifier. 

A number of somewhat similar arrangements were subse- 
quently patented by Von Arco and A. Meissner in 1914 
(British Patent Specification No. 252, of January 5th, 1914). 

One of their schemes of connection is shown in Fig. 185, in 
which the Lieben gas relay is employed as the thermionic valve. 

It will be seen that the grid 4 of the valve is caused to 
oscillate in potential by the oscillations in the aerial wire 13 
transferred to it by the transformer 14-8. This creates oscil- 
lations of current in the plate circuit 9-10-11, in which the D.C. 
dynamo 10 provides the steady E.M.F. The plate circuit 1s 
coupled to the grid circuit through the closed oscillatory 
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circuit 12-16-15-17 by the two transformers 11-16 and 19. 
The crystal detector 19, in series with a telephone 21, is placed 
as a shunt across the secondary coil of the transformer 16. 
The various circuits are tuned by the variable condensers and 
inductances to the frequency of the incoming waves. The 
oscillations set up in the closed circuit 12-16-15-17 by the aerial 
wave oscillations acting through the transformer 12 are 
strengthened by the inductive action of the oscillations in the 
plate circuit 3-9-11-10, which latter are themselves reinforced 
by the reaction of the plate and grid circuits taking place 


Cr 


D 


eek 


Fig. 186.—Connections for use of a Three-electrode Valve with Reaction 
Coupling as an Amplifying Relay in conjunction with a Crystal 
Detector, Cr, and Telephone, 7. 


through the closed detector circuit 12-16-15-17, which acts in 
this case as a flywheel circuit. 

Some useful practical information as to the management of 
such amplifying valve detector circuits was given in an article 
on the three-electrode valve published in The Wireless World 
for June, 1917, which we reproduce here by permission. 

The scheme of circuits is shown in Fig. 186. It will be seen 
that the aerial, A, has a tuning coil, L,, and a variable capacity, 
Cy, Im series with it, and also the primary circuit, L,, of an 
oscillation transformer. The secondary circuit, Lig, 15a 
series with another coil, R, which is in mutual inductance 
with an inductance, LZ, in the plate circuit of the valve. In 
the secondary circuit the variable condenser, C’,, completes 
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an oscillation current, which is tuned to the aerial. The 
filament of the valve is generally made to be incandescent 
by a 4- to 6-volt battery, B,, with rheostat in series. The 
condenser circuit, [,C,, is connected to the grid, G, of the 
valve and to the filament through a battery, B,, of 10 to 12 
volts, closed by a rheostat, S, serving as a potentiometer wire. 
The function of this battery is to create a difference of potential 
between the filament and grid of required amount. The plate, 
P, is connected through an oscillation circuit, 2303, with the 
plate battery, B;. This battery has its negative pole in 
connection with the filament. Across the terminals of the 
inductance, L3, is connected a crystal, Cr (carborundum), 
detector in series with a battery of a couple of cells short- 
circuited by a potentiometer wire. The telephone, 7, 1s in 
series with this battery. The coil, R, in the grid circuit is 
coupled inductively to Lz. and this coupling can be varied. 
It should be fairly loose. There is a certain degree of coupling 
which is best. If it is too close the valve circuits set up a 
self-sustained oscillation and a howling noise is heard in the 
telephone. The coupling of R and LZ, must then be reduced 
until this noise just ceases. There are three tunings to be 
performed. 

(1) The aerial has to be tuned to the incoming wavelength 
by the variable capacity, C,, and inductance, L,; (2) the 
oscillatory circuit, C,L,, connected to the grid has to be tuned 
to the aerial; (3) the plate circuit, C35, has to be equally 
tuned ; and (4) the coupling of R and ZL, has to be adjusted 
so that any continuous sound in the telephone is stopped. 
The character of this noise, when the coupling of R and Lz 
is a little too close, affords a valuable means of correcting 
other adjustments. If the noise is very high pitched or shrill 
the crystal potentiometer contact should be moved away 
from the centre so as to increase the applied E.M.F. in the 
crystal circuit. If the noise is very low pitched, more like 
a succession of clicks, the contact should be moved in the 
opposite direction. As regards the valve grid potentiometer 
(battery B,), we adjust as follows: Set the coupling of the 
reaction coil R and Lz so that the noise in the telephone just 
disappears. Then vary the position of the slider on rheostat 
S until this noise reappears or is loudest, and this is the correct 
setting for the valve potentiometer. If the valve used is a 
‘ soft’? one or one not having a very high vacuum, then the 
best effects are obtained by working at a particular point on 
the characteristic. The plate voltage used with such soft valves 
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is generally 20 to 40 volts or so, whereas with “hard” or 
high-vacuum valves an E.M.F. of 100 volts may be used 
with advantage in the plate circuit. In soft valves if too 
high a plate voltage is used a blue glow appears in the valve, 
due to gas ionisation. The correct plate voltage can be found 
by sliding the valve potentiometer right to one end so as to 
make the grid as positive as possible and then increasing the 
plate voltage step by step until a faint glow can be seen in 
the valve in the dark. In the case of valves provided with a 
vacuum-reducing side tube containing a pellet of asbestos or 
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Fic. 187.—Method of Re-enforcing Plate Oscillations by Reaction 
Coupling through a Transformer the Grid and Plate Circuits. 
(E. H. Armstrong.) (N.B.—In this diagram and that in Fig. 188 the 
bulb of the three-electrode valve is not drawn.) 


some material which evolves gas on slight heating, the operator 
has it in his power to adjust the vacuum within certain limits. 
Generally speaking, better results can be obtained by the 
skilful use and adjustment of soft valves than with very hard 
ones ; but the hard valves are more constant and easier to 
manipulate. In the use of any form of valve it is important 
not to overrun the filament by applying too much E.M.F. 
in the filament-heating battery, as this greatly shortens the 
life of the valve. Experience alone shows at what brightness 
the filament should be worked. With tungsten filaments it 
is equivalent to about 1-25 watts per candle power; with 
carbon filaments, not much under 3 watts per candle power is 
admissible. 
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Two important papers were published by Mr. E. H. Arm- 
strong, in the United States, one in the Electrical World of 
New York for December 12th, 1914, entitled “ Operating 
Features of the Audion” and the other in the Proceedings of 
the Institute of Radio Engineers of New York, U.S.A., vol. i1., 
p. 215, for September, 1915, entitled “‘ The Audion as Detector 
and Amplifier.” 

The papers describe various inventions era in particular, 
the reaction coupling of grid and plate circuits in a thermionic 
valve detector, which had previously formed the subject. of a 
United States Patent Application, dated October 29th, 1913, 
the British equivalent of which is a patent, No. 147,042, 
for “ Improvements in Wireless Receiving Systems.” 

In these papers he says there are two ways of re-enforcing 
the oscillations of the grid circuit by means of those of the 
plate circuit. The simplest way is to couple together the grid 
and plate circuits by a suitable transformer, [,L3, as shown in 
Fig. 187, and to shunt the telephone by a condenser, Cy, 
which acts as a by-pass for currents of high frequency, which 
the telephone coils would otherwise choke out. 

In this case small variations of potential of the grid excite 
variations in the plate current, and these again are repeated 
back to the receiver circuit | 
by the transformer, L,Ls, 
and reinforce the grid 
oscillations. To obtain the 
best result the plate circuit 
has to be tuned to the 
oscillation circuit, LCL, by 
the introduction of suitable 
capacity or inductance in 
the plate circuit. When 
this is done the oscillations 
in the two circuits react on 
each other and increase up 
to a certain maximum FX. 188.—Armstrong’s Second Method 
value. The energy required of Re-enforcing the Plate Oscillations 


sm in Three-electrode Valve Receiver Cir- 
for this is, of course, drawn cuits. (In this diagram and that in 


from the battery in- the Fig. 187 the bulb of the valve is not 
plate circuit. shown, but the filament, grid, and 


plate are denoted by a loop, Zig-Zag 
The second method of and rectangle respectively.) 
re-enforcement given by | 
Armstrong is as follows: An inductance coil L, is inserted 
in the plate circuit and the circuits completed as in Fig. 188. 
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This only differs from the ordinary detector connections as 
shown in Fig. 67, Chapter III., by the addition of the in- 
ductance, 1,4, and condenser, C,. Armstrong’s explanation of 
the action of this inductance in amplifying the plate current 
variations is as follows : 

_When no oscillations are impressed on this grid the potential 
difference of the filament and plate will be equal to the voltage 
of the battery, B,, but when grid oscillations are set up causing 
variations in the plate current the reactance in the inductance, 
L,, creates an E.M.F. which is alternating with or against the 
battery voltage. When a positive charge is placed on the 
grid the plate current is increased, and the inductive E.M.F. 
is against the battery voltage, producing a decrease in the 
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Fic. 189.—Connections of E. H. Armstrong for use of two Three- 
electrode Valves in Cascade combined with the Self Re-enforcement 
of each Valve. (N.B.—The bulb of each valve is not shown in the 
diagram.) M, is the cascade coupling transformer, and M,, M, 
the re-enforcement transformers. 


potential between grid and plate. When the grid becomes 
negative the plate current is reduced, and the reactance 
voltage of L, is added to that of the battery, and this potential 
difference between plate and filament and plate and grid is 
increased. The result of this will be to draw more electrons 
out of the filament, thereby increasmg the charge in the 
condenser formed by the grid and plate. The increased 
negative charge on the grid tends to produce a still further 
increase in the wing current. When the inductance, L,, is 
properly selected the result will be, therefore, to set up a 
resonance effect which exalts the potential variations of the 
grid and the current variations of the plate current, and 
energy from the plate circuit is transferred to the grid circuit 
and the oscillations in the grid current are amplified and 
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rectified. The condenser, (4, is necessary to enable the tuning 
of the plate circuit to be effected. 

An arrangement of high magnifying power for the reception 
of spark signals is given by E. H. Armstrong in the paper 
already mentioned. It is shown in Fig. 189. In this it will 
be seen that the two thermionic relays are coupled through 
the transformer, M,, and that in each the grid and plate circuits 
are coupled by the reaction transformers, M, and M,. 

The arrangement, however, requires some skill in setting 
up to avoid causing one or both of the systems to start gene- 
rating oscillations. 

The first system should be brought nearly up to the point 
of oscillation generation by increasing carefully the closeness 
of the coupling of transformer M,. Then when the same is 
done for the second system at M, it will be found that the 
second system absorbs energy from the first, and the coupling 
of M, can be made a little closer without setting up a con- 
tinuous sound in the telephone. By careful adjustment of 
all three couplings, M,, Ms, and M,, it is possible to obtain an 
amplification of about 1,000 times with very sharp tuning. 

6. The Valve as Detector of Continuous Waves.—We must 
next pass on to consider the use of the three-electrode valve 
in the detection of continuous or undamped oscillations and 
electric waves. This depends essentially upon the power to 
produce electric oscillations and hence to create what are 
known as “ electric beats.” 

It is a broad general principle that when two sets of vibra- 
tions of any kind having slightly different frequencies com- 
mingle at one place in a medium the amplitude of the resultant 
oscillations increases and decreases in a periodic manner, 
creating what are called “beats” in acoustics. The total 
number of beats per second is equal to the difference between 
the numbers representing the frequencies of each vibration 
separately. . 

The rough proof of this theorem is as follows. Let the 
displacement due to one set of vibrations be represented by 
d at any instant ¢ and let that of the other be d,. Let D and 
D, be the maximum displacements respectively. Then 
if the displacement follows a sine law we can write 


d =D: sin Eon where 7 is the periodic time, and also 


Hl 


d,— Dj sin neh 8) , where @ is an angle of phase difference. 
1 
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Let 27/T = nand 27/T, = n, where n and n, are the respective 
frequencies. For the sake of simplicity we shall consider the 
phase difference @ as non-existent. Then the total or resultant 
displacement when both vibrations are super- “imposed 1s 
d + d' = Dsin 2arnt + D? sin Qrnit. 

Suppose, then, that D is very nearly equal to D, and n 
to 4. 

We can then, by a well-known trigonometrical theorem, 
write : 


ym — ni 
d+t+d,= | 2p cos In ~ ; f | sin 27nt. 
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Fic. 190.—Addition of two Periodic Curves, A and JB, of slightly 
different wavelength, giving a compound periodic curve, C, showing 
‘* beats ’’ or variations in amplitude. 


Hence we see that the maximum amplitude is periodic 


Bocetiny Lh 
and equal to 2D cos 2a be TAL OA frequency or number of 


2 
complete periods in this periodic variation of the amplitude 
is (n — ,)/2. But this implies that the number of maximum 
amplitudes or beats per second is n — ny, since a maximum 
amplitude occurs each half period of the beat. The number 
of beats is therefore n —n,. If therefore a graphic repre- 
sentation is made of the result of adding two simple periodic 
curves of slightly different wavelength or frequency we should 
obtain a curve of varying amplitude as in Fig. 190. 

Suppose, then, that two simple periodic currents are passed 
through a Bell telephone, and let one of these currents have a 
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frequency » and the other n,, we should hear in the telephone 
a periodic waxing and waning in the sound, these maxima or 
beats coming with a frequency n — n, provided n and n, are 
not very different. 

Upon this fact a method of detecting contmuous high- 
frequency oscillations is founded. Let us suppose that in an 
aerial there are high-frequency continuous oscillations of 
frequency n; we could not by any of the ordinary spark or 
above-described methods of reception detect them, because 
these methods essentially depend upon the existence of a 
regular series of interruptions or intermittences in the train 
of waves. 

Suppose, then, that we create in the aerial wire by local 
means continuous oscillations differing slightly in frequency 
from those created by the incident signal waves. The result 
will be to create a series of electrical “ beats’ in the aerial 
having a frequency’ equal to the difference between the fre- 
quency of the arriving and locally produced oscillations. 

If this difference is such that it gives a beat frequency of 
suitable audio-frequency—viz., something like 100 to 1,000, 
then these beats can be rectified and detected by any of the 
receiving arrangements, crystal or valve, suitable for detecting 
spark-transmitter waves or damped trains of oscillations. For 
each group of oscillations forming the single beat is equivalent 
to a series of damped trains of oscillations, the head of one 
train just touching the tail of the one preceding it. Hence they 
can be rectified into a series of unilateral gushes of electricity, 
which, when passed through a telephone, give a sound of the 
pitch of the beat frequency. If, then, the message-bearing con- 
tinuous waves cease to arrive, the beats vanish, and with them 
the sound in the telephone. 

Accordingly, if the continuous waves (C.W.) are interrupted 
at the sending station in accordance with Morse code signals, 
corresponding signal sounds will be heard in the receiving 
telephone. 

Accordingly this method of detection of continuous electric 
oscillations requires the possession of means for creating 
undamped oscillations of nearly the same frequency. When 
this method of reception was first troduced by R. A. Fessen- 
den and applied by him in radiotelegraphic reception, he used 
a high-frequency alternator. But such an appliance for pro- 
ducing oscillations of radiotelegraphic frequency is expensive 
and not easy to obtain. The method never came into much 
use until the discovery of the fact that a three-electrode 
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valve could be used as a generator of electric oscillations 
of radiotelegraphic frequency. This discovery gave a fresh 
impetus to the method of “ beat” or heterodyne reception by 
providing a cheap, easily made and managed means of generat- 
ing the required high-frequency oscillations. 

7. Heterodyne Reception.—Based on the above-mentioned 
principles methods of reception for continuous waves have 


Fic. 191.—H. J. Round’s Connections for use of a Three-electrode Valve 
for Beat Reception. 


been devised which depend upon the fact that we can employ 
a three-electrode valve in conjunction with certain circuits to 
produce undamped oscillations of a slightly different frequency 
from those of the aerial oscillations due to the incident waves 
and can combine inthe valve circuits these two sets of 
electric oscillations so that the telephone is actuated by the 
resulting beats. The frequency of the generated oscillations 
can be so adjusted that we obtain, say, 500 beats per second, 
which give rise to a musical sound of rather high pitch in the 
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telephone. If, then, the production of the signal waves 1s 
controlled by a key in the transmitter so as to start and stop 
these incident waves in accordance with Morse signals, the 
sounds due to the “ beats ’’ follow the same course and repeat 
in the telephone audibly the same signals. This is called beat- 
reception or heterodyne reception. 

The following arrangement, due to Captain H. J. Round, of 
Marconi’s Wireless Telegraph Company, is a good example of 
the application of this principle. 

The aerial wire is coupled through an oscillation transformer 
with a condenser of variable capacity so as to tune the closed 
circuit marked a (see Fig. 191) to the aerial. One terminal of 
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Fic. 192.—Connections of Circuits of, Three-electrode Valve for Recep- 
tion and Detection of Undamped Waves. (KE. H. Armstrong.) 
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this condenser is connected to the filament and the other to 
the grid of a three-electrode valve. The plate circuit con- 
taining the battery is also connected to an oscillation circuit e. 
This circuit also contains a telephone receiver, which should 
properly be shown with a condenser across its terminals, or 
else be placed in a circuit inductively coupled to the plate 
circuit. 

The plate circuit is tuned to a slightly different frequency 
from that of the incoming waves. The two inductance coils 
in the plate and grid circuits e and a are also placed so as to 
have mutual inductance. Accordingly, in the absence of any 
current in the aerial wire, the valve system would generate 
oscillations of frequency n, provided the coupling of the two 
coils is close. 


If, however, oscillations of frequency » are produced by 
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arriving waves in the aerial these oscillations will be forced 
upon the plate circuit, and the result will be to produce in it 
beats of frequency n — n,.- By suitable selection of capacities 
and inductances in the circuits the difference n — n, may be 
made equal, say, to 500 or 600 and produces in the telephone 
a high musical note which is cut up into Morse code signals by 
manipulation of the key in the transmitter circuit, because 
arresting the oscillations in the receiving circuit due to the 
incident waves at once stops the “ beats.” 

It has been pointed out by Mr. E. H. Armstrong that one 
of the important advantages of the thermionic valve when 


Fic. 193.—Connections of Circuits of two Three-electrode Valves in 
Cascade for Rece 


ption and Detection of Undamped Waves. 
(EK. H. Armstrong.) 


used for beat reception is that the resultant or beat current is 
of nearly pure sine wave form. Hence we can amplify it by 
resonance and proper tuning of the telephone circuit. 

This cannot be done with spark systems of transmission, at 
least not nearly so well, on account of the production of more 
distorted waves. 

Hence, in continuous wave reception we can apply audio- 


tuning so as to give a very sharp resonance in the telephone 
circuit. In Figs. 192 and 193 two sets of connections for such 


tuning are shown, taken from the paper by Armstrong already 
quoted. 


* See Proceedings of the Institute of Radio Engineers, vol. lil.,) p.. Zou 
September, 1915. 
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In Fig. 192 the telephone is shown inserted in an oscillation 
circuit, Lg’, which must be tuned to the beat frequency. 

In Fig. 193 are shown two three-electrode valves in cascade 
in which the first thermionic valve system is coupled to a 
second by the transformer M,, and the telephone is placed, in 
the plate circuit of the latter. The first valve has its grid 
and plate circuits coupled for re-enforcement. 

To show the degree of sharpness of tuning, consider incident 
waves having a frequency of 50,000, and let the first thermionic 
system be tuned for 49,000. Then the beat frequency is 
10,000, and the telephone circuit, LC, or the second valve 


Fic. 194.—Heterodyne Method of Recoction for Undamped Waves 
employing a Three-Electrode Valve to produce the local oscilla- 
tions required for “beating”? with the incoming oscillations. 
(J. J. Hogan.) 

plate circuit must be tuned for a frequency of 1,000. Then 
suppose the frequency of the incident waves to vary 1 per cent., 
or to drop to 49,500, the result would be that the beat fre- 
quency would drop to 500, or fall 50 per cent., and the beat 
current in the tuned telephone circuit would fall to a point at 
which the beat sound would become inaudible. 

Hence, this combination of radio- and audio-tuning is too 
selective to use, unless the frequency of the alternator in the 
transmitter circuits or other continuous wave generator 
is kept extremely constant, or within a quarter of 1 per cent. 
variation. A possibly better arrangement of heterodyne 
receiver is that described in a paper by Mr. John J. Hogan on 
“ Developments of the Heterodyne Receiver” (see Proc. 
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Institute of Radio Engineers, New York, U.S.A., vol. un, 
p. 249, September, 1915). 

He gives a diagram, as in Fig. 194, in which an aerial 
wire, A, is coupled inductively to two regenerative thermionic 
systems. The right-hand system, comprising a three-electrode 
valve, is arranged as a generator of oscillations. This is 
so set as to create oscillations in the antenna to which it is 
coupled, which have a frequency differing from that of the 
incoming waves by a number which falls within good audio- 
frequency. Thus if the incoming or incident waves have a 
wavelength of 20,000 ft., or 50,000 frequency, then the 


Fie. 195.—Arrangement of Circuits using a Three-electrode Valve for 
production of undamped oscillations and Crystal Detector System . 
for detection of beat frequency oscillations in a heterodyne receiver 
system for undamped wave reception. 


generating valve may be set to produce oscillations of 49,500 
or 50,500 frequency. 

The left-hand valve system, coupled to the antenna, is 
an ordinary regenerative or retroactive receiving system, 
with coupled grid and plate circuits and telephone inserted 
in the plate circuit or coupled to it. This receiving set is 
then acted upon simultaneously by the antenna oscillations 
set up by the incident waves and by those created by the 
generating valve. Hence, beats will be produced in the 
telephone having a beat frequency equal to the difference of 
the two oscillation frequencies. 

A somewhat simpler and more generally used method of 
heterodyne reception is to couple the aerial to a crystal 
receiving circuit arranged as in spark radio reception (see 
Fig. 195). In addition, the aerial is also coupled inductively, 
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or, which comes to the same thing, the crystal receiving 
circuit is coupled inductively to a thermionic generator or 
three-electrode valve having its grid and plate circuits re- 
actively coupled so as to generate oscillations of a frequency 
differing from that of the incoming continuous waves by an 
amount equal to 500 or 1,000, or some suitable audio-frequency. 

The result is to generate in the crystal receiving circuits 
groups of oscillations or beats of audio-frequency. 

Thus, supposing the frequency of the incoming waves is 
100,000, and the thermionic generator is tuned to produce 
oscillations of 99,500, we shall have produced in the crystal 
circuit beats of a frequency of 500. It will be seen at once that 
this method gives great selectivity. For suppose that some 
other station sends out waves differing only by 1 per cent.— 
viz., a frequency of 101,000—the result will be to produce 
beats of 1,500 instead of 500, and these quicker beats would 
give rise to a shriller sound, three octaves in pitch above the 
beats of 500 frequency, and the jamming signals would 
therefore be easily distinguished from the signals to be received 
by the higher pitch. In practice the coupling between the 
thermionic generator circuits and the crystal receiving circuits 
should be kept quite loose. 

The following practical hints in the manipulation of these 
heterodyne circuits have been given in an article in The 
Wrreless World for July, 1917. If the tuning condenser of 
the thermionic oscillator is slowly turned, a characteristic 
“ swish,’ produced by interference with atmospherics, will 
be heard as the tune passes that of the receiver. This swish 
is a good indication in the absence of signals that all is well. 
It is advisable to keep moving the condenser round about 
the point where the swish is obtained until the station required 
is picked up, when it can be adjusted to such a point that a 
good reading note is obtained. It should be noted that the 
adjustments of the tune of the crystal receiver only affect the 
strength of the signal, whereas adjustments of the tune of 
the oscillator alter its pitch or note without affecting its 
strength. 

There is no absolute necessity for a separate receiving and 
oscillation circuit. The same thermionic valve can be made 
to operate as receiver and oscillator, and the telephone placed 
in the plate circuit will be affected by the beats produced. 
Thus the aerial can be coupled to the grid circuit of a three- 
electrode valve, with the usual stopping condenser inserted 
(see Fig. 196), and with one coil of an oscillation transformer 
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inserted in the grid circuit, as in the Armstrong regenerative 
connection. The plate circuit contains the usual boosting 
battery, telephone, and an adjustable condenser, also the 
second coil of the oscillation transformer. The coupling of 
this transformer must be sufficiently close to generate oscilla- 
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Fie. 196.—Arrangement of Circuits for using a Single Three-electrode 
Valve (bulb not shown) for heterodyne reception of undamped 
waves. 


tions in the plate circuit by reaction with the grid circuit. 
The tuning of the plate circuit must be such as to give a 
frequency differing from that of the incoming waves by an 
amount equal to some suitable audio-frequency. The ther- 
mionic circuits then perform two functions: they create 
in the plate circuit, and, therefore, in the telephone, oscillations 


‘Fie. 197.—Arrangement of Circuits for using a Single Three-electrode 
Valve (bulb not shown) for heterodyne reception of undamped 
waves. 


of the same frequency as those in the aerial by the valve and. 
amplifying action already explained; they also generate 
oscillations of a slightly different frequency, and the beats 
produced by these two sets of oscillations produce in the 
telephone sounds of audio-frequency, which are cut up into 
Morse code signals when the key in the transmitter is manipu- 
lated. A slight variation of this mode of connection, as 
shown in Fig. 197, is also used in continuous wave reception, 
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especially in the United States. Another circuit arrangement 
of a three-electrode thermion in which a reactive coupling is 
effected between the plate and grid circuit is that called by 
Lee de Forest the ‘“ ultra-audion’”’ connection.1 In this 
arrangement the secondary or condenser circuit, which is 
coupled to the aerial, has its terminals connected to the plate 
and grid of the valve respectively, instead of the grid and 
filament (see Fig. 198). The plate circuit is, however, coupled 
to the grid circuit through a condenser, and an earth con- 
nection is made at one point on the plate circuit through an 
iron-cored choking coil. 

KH. H. Armstrong has redrawn the scheme of connections 
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Fie. 198.—Lee de Forest’s Ultra-audion Circuit. S is a shunt on the 
telephone for signal strength measurement. 


of this ultra-audion, as in Fig. 199, so as to bring it into closer 
comparison with the normal three-electrode amplifying valve 
method of working. 

In virtue of the coupling through the condenser, C, there is 
a reaction between the grid and plate circuits which acts in a 
similar manner to the usual electromagnetic induction coupling. 
It will be noticed that in Fig. 198 the telephone is in parallel 
with the plate battery, and not in series with it. The atmo- 
spheric disturbances are then slightly less troublesome with this 
parallel arrangement, but the sensitiveness to signal waves 
remains the samé. The shunt, S, across the telephone, 7’, is 


* See United States Patent Specification No. 1,170,881 of Lee de Forest 
and Charles Logwood, application of March 12th, 1914. 
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for measurement of signal strength. L. W. Austin added the 
oscillating flywheel circuit marked N in Fig. 198, which he 
calls a sensitising circuit, and has stated that the sensitiveness 
of the whole receiver is increased three or four times by the 
use of this circuit NV. 

It consists of a capacity and inductance which is tuned 
close to the resonance point, and is coupled to the secondary 
of the receiving circuit. By this means it is possible to work 
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Fie. 199.—Armstrong’s Redrawing of the Ultra-audion 
Circuits. 


with a looser antenna coupling to the secondary recelving 
circuit without loss of sensitiveness. Austin states that 
careful comparison between this ultra-audion connection 
and the plain electrolytic receiver has shown that the sensi- 
tiveness of this ultra-audion is from 500 to 1,000 times greater 
than the plain electrolytic as measured by the shunted tele- 
phone method, and the audibility increases proportionately 
to the antenna current.? 


‘See L. W. Austin, ‘‘ Experiments at the U.S. Naval Radio Station, 
Darien, Canal Zone,”’ Proceedings of the Institute of Radio Engineers, New 
York, vol. iv., No. 3, p. 251, November 27th, 1915. 
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There are many other schemes of connection by which a 
single three-electrode valve can be used in the reception of 
continuous wave (C.W.) signals. . , 

Fig. 200 shows a typical C.W. reception valve set. 

The aerial tuning inductance L is connected across the grid 
and filament of the valve. C, is a variable tuning condenser 
and C, is a condenser of -01 microfarad capacity in series with 
the earth. C, is a small stopping condenser made leaky by 
being shunted by a high resistance formed by a few plumbago 
lines drawn on ebonite. In the plate circuit of the valve is a 
reaction coil, R, coupled to the aerial tuning coil, L, by a variable 
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Fig. 200.—Typical Reception Set for C.W. Signals consisting of an 
oscillation-producing valve, which creates audible beats by 
interference with arriving continuous waves. 


coupling, also a battery, B, giving voltage up to 100 volts and a 
pair of high resistance telephones, 7. A small shunting con- 
denser, Cz, is placed across the telephone and battery, which 
affords a path for the high-frequency oscillations in the plate 
circuit. In place of the high-resistance telephones a low- 
resistance telephone coupled inductively to the plate circuit 
is preferable. — 

To receive continuous waves the arrangement must be set 
oscillating, and for that purpose the coupling between R and 
the aerial inductance must be increased gradually until the 
self-produced oscillations start. This may be recognised by 
noticing the tone of spark signals received. They are very 
hoarse, no matter what their frequency. Also, if the aerial 
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terminal is touched there should be a sharp click in the tele- 
phone, or, if the aerial tuning inductance is opened or the 
tuning condenser short-circuited, the same click will be heard. 
The best way, however, is to hold a vacuum tube fitted with 
rarefied Neon near the tuning inductance coil. If the oscilla- 
tions are being produced the tube will glow. If none of these 
effects are produced then the valve is not oscillating, and will 
not therefore detect C.W. signals. | 

To make it detect them we have to alter the frequency of 
the self-produced oscillations until they differ from that of 


Fig. 201.—Thermionic Reception Set for C.W. Signals, employing a 
crystal detector, D, for detecting the beats. 


the mcoming waves by about 500-700. The result 1s to 
produce beat oscillations in the valve circuits which are then 
heard as a shrill note in the telephone. The natural period of 
oscillation of the valve circuits must, however, be greater than 
about 20,000, so that no sound is heard in the telephone unless 
C.W. waves fall on the aerial conveying messages. 

This tuning of the valve circuits is effected by altering the 
capacity of the condenser which shunts the inductance in the 
plate circuit of the valve. The heterodyne reception method 
has the great advantage that the receiving operator can alter 
the pitch or note of the signal sounds by varying slightly the 
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natural frequency of his own generating set. Also it has far 
greater exemption from atmospheric disturbance than in the 
case of spark or damped wave radiotelegraphy. The natural 
atmospheric discharges are all damped waves of not very small 
decrement, and hence will ‘not combine with the locally 
generated continuous oscillations to give beats, at least not 
to any very great extent. On the other hand, in the case of 
spark telegraphy every atmospheric discharge is heard as a 
tick or a click in the telephone. 

Again, it is far more easy to exclude deliberate attempts at 
jamming, as the difference between the local frequency and 
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Fic. 202.—A Thermionic Reception Set for C.W. Signals. 


signal frequency must be constant and within somewhat 
narrow limits to give audible beats. In Figs. 201, 202, and 203 
are given diagrams, due to Mr. J. Scott-Taggart, for C.W. 
reception. The arrangement in Fig. 203 is useful to obviate 
interference from spark-transmitters. For this purpose the 
aerial is very loosely coupled with the receiving circuits. 

The diagrams in Figs. 201 and 202 are taken from an 
article by Mr. J. Scott-Taggart on ‘‘ The Valve as an Amph- 
fier,” which appeared in The Wireless World for March, 1918, 
and May, 1919, and the diagram in Fig. 203 from an article 
by the same author in The Wireless World, entitled ™ Practical 
Notes on the Use of Small-power Continuous Wave Sets,” 
which appeared in May and June, 1919. 
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8. The Thermionic Valve as a Current-limiting Device.—It 


rT 


is desirable in the next place to consider the use of the ther-_ 


mionic valve as a current-limiting device and for the suppres- 
sion of atmospheric disturbances. The whole question of 
atmospherics, or strays, as they are called, or irregular electric 
oscillations set up in the receiving aerial by stray waves due to 


electric discharges or movements of electrons in the atmo-' 


sphere, is a very large one. It cannot be fully treated here. 
Suffice it to say that the phenomena, as far as the radio- 
telegraphist is concerned, consists in a sudden electric impulse 
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Fria. 203.—Thermionic Reception Set for C.W. Signals, with very 
loosely coupled aerial to avoid interference by spark system stations 
in proximity. 


or series of impulses given to the aerial which set it and the 
receiving circuits in oscillation and create in the telephone 
various noises, clicks, sizzling, hissing or crackling sounds, 
which are loud enough often to drown out the message- 
bearing sounds and even to deafen, temporarily, the operator. 
In the early days of spark telegraphy, when the spark fre- 
quency was low and irregular, these atmospherics were so 
completely mingled with the signal sounds that separation was 
impossible by ear. Attempts to tune or filter them out were 
not very successful, because any brief electric impulse given 
to the aerial sets it and the receiving circuits vibrating with the 
natural frequency corresponding to the wavelength of the aerial 
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and therefore of the signals to be received, and hence any filter 
which would stop out these stray vibrations would equally 
stop out the signals. 

A very great improvement was therefore effected by the 
introduction of the high-frequency (300-1,000) musical spark 
by the use of Marconi’s rotating dischargers or else suitable 
alternators, because this imparted to the message signals (dot 
and dash) a high-pitched musical sound and enabled the 
operator to distinguish them by ear from the irregular inter- 
mingled sounds to which he paid no attention. Even then, 
however, very loud atmospherics had the effect of reducing 
the sensibility for the moment of the operator’s ear. If, how- 
ever, the louder atmospheric sounds can only be reduced to the 
strength of the signal sounds, their overpowering influence will 
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Fig. 204.—Characteristic Curve of a Crystal (Carborundum) Rectifier. 


be greatly diminished and the operator will be enabled to read 
through them. This is to a great extent accomplished by the 
use of balanced crystal or balanced valve detectors. . 

We can explain the principle involved in connection with a 
simple carborundum crystal detector. Such a crystal has a 
greater conductivity for electricity in one direction than the 
other. If we plot out a characteristic curve for the crystal 
delineating current transmitted on terms of applied voltage, 
+ or —, it has the form shown in Fig. 204. This curve has 
changes of curvature at certain pomts. Suppose, then, that a 
crystal is placed in series with a high-resistance telephone and 
the two in series joined across the terminals of the condenser 
in the closed receiving circuit of a receiving aerial. If the 
signal waves could create a large alternating P.D. between the 
terminals of the condenser the rectifying power of the crystal 
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would cause the telephone to be traversed by a much greater 
current in one direction than in the other. If the P.D. range 
is small, as it is in radiotelegraphy, then owing to the form of 
the characteristic curve the rectification will not be so great. 
If we apply a boosting voltage or direct H.M.F. to the 
crystal so as to bring the point of working to a bend or sharp 
change of curvature in the characteristic curve, then a small 


superimposed alternating voltage will produce a greater — 


rectified current than if the boosting voltage is not applied, 
because at that point the effect of a given increase in the total 
voltage increases the current more than an equal diminution 
in the voltage decreases the current. 

Suppose, then, that two such rectifying crystals are arranged 
in parallel with poles in opposite direction and joined in 
series with a single telephone across the terminals of the 
receiving condenser. These crystals will rectify in opposite 
directions. If, then, one of these crystals has its associated 


battery and potentiometer adjusted so as to apply a small 


boosting E.M.F., sufficient to bring the voltage to a point of 
change of curvature on the characteristic curve, the other 
crystal not being so assisted, the result will be that the two 
in parallel possess a rectifying power for small alternating 
voltages, but do not possess it for extremely large A.C. volt- 
ages. Hence the oscillations due to signal waves are rectified 
and detected by the telephone but any oscillations of large 
amplitude, due to an atmospheric discharge or vagrant wave, 
will not be rectified or, at any rate, will not create a sound in 
the telephone louder than those made by the signal waves. 
If, however, these latter are created by a musical spark the 
quality of the sounds will enable the operator to distinguish 
them. } 

Exactly the same effect can be produced by the employ- 
ment of two Fleming valves instead of two carborundum 
crystals, provided we use valves not exhausted to an extremely 
high vacuum. By the ingenious arrangement forming the 
well-known balanced crystal or balanced valve receiver of 
Marconi’s Wireless Telegraph Company, the interference of 
atmospherics with message signals is much diminished, and 
the effect of strong atmospherics in drowning out signal 
sounds is considerably reduced. In another arrangement, due 
to Lieutenant G. M. Wright, of Marconi’s Wireless Telegraph 
Company,! an ordinary three-electrode valve is employed as a 


1 See British Patent Specification No. 8,926 of June 17th, 1915. 
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current-limiting device by running the filament at a reduced 
temperature. Under these conditions the valve plate current 
can never exceed in strength a certain value. This may be 
arranged so as to be just equivalent to enabling the signal 
sounds to be read on the telephone of the crystal or other 
detector circuit; but any strong atmospherics cannot create a 
larger current. Hence the signal sounds are not swamped 


Fic. 205,—Connections of Method due to G. M. Wright for eliminating 
or reducing atmospherics depending on current-limiting power 
of the Thermionic Valve. 


by excessively loud, irregular sounds, and can be read through 
them. 

There are, however, objections to reducing the temperature 
of the valve filament, in that it makes the valve insensitive. 

Lieutenant G. M. Wright has, however, found that a better 
result can be obtained with a valve containing a second grid, 
as shown in Fig. 205.1 

The valve has a filament, plate and two grids. The antenna, 
2, is coupled as usual to a closed oscillation circuit, f,g, and 
reaction coil, 0, which is coupled to the plate circuit. The 
diagram will show the mode of connection of the two grid and 
plate circuits respectively. The filament of tungsten wire is 

1 See British Patent Specification No. 102,821 (1917) of G. M. Wright 


and Marconi’s Wireless Telegraph Company ; see also article by L. Schoen- 
_berg in The Year-Book of Wireless Telegraphy for 1918, p. 944. 
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kept at the usual degree of incandescence corresponding to a 
temperature of about 1,700° C. The inventor then finds that 
such a two-grid valve limits the plate current to an assigned 
amount, and the valve can be so adjusted that the limiting 
point is reached, even when a very small P.D. (corresponding 
to a weak signal) is made between the two grids. The coil, n, 
coupled to the plate circuit is in connection with the crystal 
or other detector circuit. In a following patent specification 1 
granted to the same patentees a single three-electrode valve 
of usual type is employed with a single grid of very fine mesh. 


Fig. 206.—Connections of Method due to G. M. Wright for eliminating 
atmospherics depending upon current-limiting power of a Single 
Thermionic Valve. 


The oscillating circuit which is coupled to the aerial is, how- 
ever, connected between the grid and plate (see Fig. 206), 
instead of between the grid and filament. 

The inventor states that with proper adjustments of poten- 
tials the space between the grid and plate becomes highly 
limiting, even for very small oscillatory currents, so that 
for a given potential of the grid the relation between the plate 
potential and plate current gives a characteristic current, 
which rises rapidly to a constant value which therefore limits 
the current, which can be transferred to the detector circuit n. 

Methods of using three-electrode valves as a means of over- 
coming disturbance by atmospheric stray waves in the case of 

1 No. 102,822 of 1917. It may be noted that after January Ist, 1915, 


British Patent Specifications began to be numbered consecutively upwards 
from 100,000. 


; ; a ne ye 
oft wees et ee Pe 


ee ra * 4 : we A 
ee ee ee a 


igh tin ee 4 iit 


THERMIONIC VALVES AS AMPLIFIERS AND DETECTORS 327 


continuous wave reception have been described by Mr. H. H. 
Armstrong. He remarks that the effect of a strong stray 
wave on the valve is to build up a strong negative charge on 
the grid, which reduces the plate current, and that when the 
stopping condenser is without a leakage path this charge may 
persist for a considerable length of time, thus paralysing the 
valve for signal reception. He has contrived to take advantage 
of this fact by connecting to the aerial wire two similar systems, 
each comprising a thermionic valve, with grid and _ plate 
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Fie, 207.—K. H. Armstrong’s Connections for eliminating atmospheric 
disturbances in case of undamped wave reception by beat reception. 


circuits reinforced and the plate circuits connected inductively 
to one single telephone. , 

These two systems are each arranged for beat reception, as 
above described, but the beat currents in the two systems 
are arranged to be 180° different in phase. The inductive 
coupling to the telephone circuit (see Fig. 207) is, however, 
so arranged that the two beat currents combine to affect the 
telephone in the same direction and so assist each other. If, 
however, a powerful stray wave, which is always a highly 
damped wave, falls on the antenna it does not interact with 
the locally generated oscillations to cause beats, and is there- 
fore not heard in the telephone. Hence, the method of beat: 
reception by three-electrode valves is an effective means of 
eliminating strays, and this is one of the undoubted advantages 
attaching to the continuous wave system of radiotelegraphy. 
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9. The Super-regenerative Valve Circuits.—The principles 
of the simple regenerative circuit above explained have been 
recently extended by E. H. Armstrong to form what he calls 
a super-regenerative circuit for valve reception. 

It has been shown in the exposition given of the ordinary 
regenerative action that if the plate and grid circuits are 
coupled through a transformer, but not so closely as to generate 
self-sustained oscillations, the system will become more 
sensitive to the application of a feeble electromotive force due 
to a signal wave. The reactive coupling places the valve in 
such a state that a far less amplitude of signal oscillation in 
the receiving aerial circuit will take effect on it and create a 
signal or speech sound in the telephone than without that 
coupling. 

The usual method is to interconnect the grid and plate 
circuits by a variometer or mutual inductance, the coupling 
of which can be varied as to closeness by turning a milled 
ebonite head. 

The observer then notices a gradual increase in signal 
strength, as heard in the telephone, until the coupling reaches 
a certain limit, when self-sustained oscillations are set up in 


the valve circuits and a loud “* howl ”’ is heard in the telephone. © 


The object of the super-regeneration is to permit this coupling 
to be increased in closeness without setting up these continuous 
oscillations. It has been already pointed out that in order 
that a circuit may have self-sustained oscillations set up in it, 
the resultant resistance must be negative. In the ordinary 
regenerative circuit, the total resistance is always a little 
positive, but as near as possible to zero. 

The super-regenerative circuit employs an extra valve, by 
means of which the circuit is alternately permitted to oscillate 
and then stopped from oscillating at a certain determined rate. 
Another way of putting the matter is to say that the equivalent 
resistance of the circuit is made alternately negative and 
positive, but so that the resultant or average is always slightly 
positive. The amplifying valve then starts oscillating at 
regular intervals, but these oscillations are stopped before they 
have worked up to an amplitude which begins to create a 
“howl” in the telephone. This variation in resistance is 


effected at a frequency which is low compared with the fre-_ 


quency of the signal to be amplified. 

There are many proposed arrangements of this super- 
regenerative circuit, but we give here two schemes of: circuits 
for this purpose. The first of these is taken from a pamphlet 
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by Mr. George J. Eltz on ** The Armstrong Super-regenerative 
Circuit,” and the second from an article by Mr. Percy W. 
Harris on the same subject given in The Wireless World and 
Radio Review for October 21st, 1922. : 

In Fig. 208 it will be seen that there are three valves, 11, 12, 
and 13, and two oscillating circuits composed of capacities and 
inductances. The circuit 3, 4, 5, 11, 1s the ordinary regenera- 
tive circuit which may be tuned for any wavelength, but best 
below 1,000 metres. 

The circuit, 7, 8, 9, 10 and 12, called the low-frequency 
oscillator circuit, is arranged to oscillate at a relatively low 
frequency, say, 15,000 or below. 

When in action the low-frequency oscillator alternately 
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Fic. 208.—A Scheme of Valve Connection forming a Super-regenerative 
Circuit. 
takes energy from and gives it to the regenerative amplifier at 
a rate determined by the capacities, 7 and 8, and inductances 
9and 10. This frequency is low compared with the 1,000,000 or 
so of the carrier or signal waves, but high compared with the 
speech or train frequency. | 

The action of the valve 12 in the circuit 7, 8, 9, 10 is alter- 
nately to allow the oscillations in the circuits 3, 4, 5, 11, to 
start and then be stopped by it. The actual detection of the 
speech or audio-signals is accomplished by the third valve 
having the telephone in its plate circuit as usual, and its grid 
connected to a tertiary coil 2 on the transformer |, 2, 3. 

In Fig. 209 is given another scheme of circuits employing 
three valves for purposes as above described in the article by 
Mr. Harris. The details of this circuit and the capacities and 
inductances required are given in the article in The Wireless 
World for October 21st and 28th, 1922, vol. x1., p. 79. 
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ments of Regenerative Circuits,’ in The Woreless World and 
Radio Review for November 18th, 1922, vol. x1., p. 234. 

In this connection it is only right to mention the claims put 
forward by Captain J. B. Bolitho to be the inventor of this 
super-regenerative system. Statements on this matter are to 
be found in The Wireless World and Radio Review for 
January 20th, 1923, vol. xi., p. 546, and March 24th, 1923, 
vol. xi., p. 830, and a scheme of this circuit in an abbreviated 
form is given in Fig. 210, and is described in the above-named 
journal for June 2nd, 1923, vol. xii., p. 266. It contains a 
“triggered” valve, A, which is intermittently “ quenched ” 


RELAY OR 
TELEPHONES 


POTENT IOMETER 


Kia. 210. 


by a valve, B, which in turn is excited by a generator, G. 
The action of the generator makes the plate of valve B 
alternately positive and negative. As long as it is negative, - 
no current can flow in the reversed coupling coil, Q. 

The effect of this is to throw the valve A into operation as 
an oscillator. When, however, the plate of B becomes positive, 
the result is to prevent the valve A from maintaining oscil- 
lations. It will be seen that there is a similarity in operation 
to that of the Armstrong circuit, but we cannot here under- 
take the critical task of deciding how far the Armstrong method 
is covered by the claims of the British Patent of J. B. Bolitho, 
No. 156,330. 


CHAPTER VIII. 
THERMIONIC VALVE TESTING. 


1. The Testing of Thermionic Valves.—In this chapter we 
shall consider some of the tests to which thermionic valves 
must be subjected to determine their utility and performance, 
and also mention some of the applications of this appliance in 
other electrical measurements. 

The chief measurements which have to be made in.con- 
nection with thermionic valves are (i.) the power (voltage 
multiplied by ampere current) taken by the filament, (11.) the 
thermionic current corresponding to various plate voltages and 
grid (if any) voltages, (iii.) the amplification factor or ratio of 
the principal slopes of the characteristic surface or the internal 
conductances, and (iv.) the efficiency of transformation in the 
case of a generating valve. 

The measurement of the filament-heating current and of the 
potential difference of the terminals or filament voltage can be 
made with suitable ammeters and voltmeters. A Weston 
milliammeter reading with equidivisional scale (100 divisions) 
from 0 to 1-5 amperes is very convenient for measuring the 
filament currents of receiving valves, as these generally take 
from 0-75 to 1-0 ampere. For generating valves we have much 
larger currents, and a suitable ammeter must be employed. 

The same remarks apply in the measurement of filament 
voltages. For receiving valves this is generally 3-5 to 3-8 volts, 
but for generating valves will be much higher. 

These two measurements, viz., the filament current and 


~ filament voltage can also be made by means of a potentiometer 


by placing in series with the filament a resistance of 1 ohm, 
made in some material such as constantin, which does not vary 
its resistance with temperature, and then measuring the drop 
of potential down this resistance in the usual way by the 
potentiometer. Also, if a high resistance divided into two 
parts in the ratio of 1 : 9 is placed across the filament terminals, 
then, by measuring the volt drop down the smaller section 
and multiplying by 10, we can determine the voltage required 
to heat the filament to its normal temperature. These 
332 
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potentiometer measurements are more accurate, but not so 
expeditious as those made with an ammeter or voltmeter. 

When a large number of valves made to specification have 
to be so examined, the results may be set down in a target 
diagram, as follows : 7 

Mark off on squared paper along a horizontal line a scale 
of volts, and on a vertical line a scale of amperes. Then, 
having read the filament current and filament terminal 
voltage, we can represent these values by the two co-ordinates 
of a dot placed on this squared paper. The question, however, 
arises: What is the proper voltage at which to run any given 
valve filament ? 

The answer to this is that the filament should. be run at 
such a temperature that it will have a certain average life, 
which should not be less than, say, 1,000 hours’ use. 

The difficulty of determining the temperature of a filament 
as used in a thermionic valve is that in general only a very 
small portion of the incandescent filament can be seen unob- 
structed by the grid or cylinder. Hence, we cannot determine 
the candle-power, and therefore the candle-power per watt 
expended in the filament, which would give us a means of 
adjusting the filament voltage so that the filaments run at 
approximately equal temperatures. 

If, however, any portion of the filament, however small, 
can be seen unobstructed, we can make a comparison between 
its intrinsic brilliancy and that of another lamp having no 
erid and plate, but a filament of the same material, say 
tungsten, as that of the valve under test. 

This can be done by means of an optical pyrometer, such 
as that of Wanner, or Holborn and Kurlbaum. 

A maximum permissible temperature for working a pure 
tungsten filament is 2,600° K. (absolute temperature), which 
corresponds to about 0-5 watt per candle in light radiation. 
A much longer filament “life” can be secured by working 
at 2,300° K. If the length and diameter of the filament 
can be ascertained then we can determine the filament tempera- 
ture corresponding to a given power expenditure in it from 
Stead’s curves (see Fig. 135, Chapter V.). 

We can approximately determine whether two filaments 
(of which we can only see a part) are running at the same 
temperature by the use of a pair of crossed Nicol’s prisms, or 
by means of a wedge of blue glass. For if we examine the 
two filaments through the crossed Nicol’s prisms, and turn 
the prisms so as to nearly extinguish the light coming from the 
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e 
filaments, we can then compare the intrinsic brilliancy of the 
two portions seen, and adjust the currents through them until 
they have the same intrinsic brilliancy, and are, therefore, 
Just equally obscured by the same setting of the ‘prisms or 
same thickness of blue glass. 


AMPERES 


VOLTS 


Fre. 211.—Target Diagram showing the relation of Filament Current 
and Voltage for a type of Thermionic Valve. 


fourth power of the absolute temperature. Hence, if two 
filaments of identical material have the same intrinsic brillianey 
they are at the same temperature. 

Accordingly, in measuring the filament currents and filament 
voltages of a number of valves, they ought to be measured at 
equal filament temperatures, near to 2,300° K. 

In Fig. 211 we give a target diagram representing filament 
currents and volts, as measured for a number of valves, 
supposed to be constructed with filaments to take 0-62 ampere 
at 3-6 volts, and to have the same filament temperatures.1 


* This diagram is taken from a paper by Mr. B.S. Gosling on “The 
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We can then draw on such a diagram a rectangle or bull’s 
eye, the sides of which define the maximum and minimum 
permissible currents and voltages, which are the limits within 
which the valves will be accepted as good and complying with 
the specification. 

The measurement of plate or anode voltages and plate or 
thermionic current is not quite so easy. 

In the case of receiving valves the anode voltages may be 
from 30 to 200 volts, and can be measured with an ordinary 
electromagnetic or electrostatic voltmeter. 

In the case of generating valves, in which the plate voltage 
may reach several thousand volts, some suitable form of 
electrostatic voltmeter is necessary, such as a Kelvin high- 
voltage electrostatic voltmeter. 

The thermionic current is, however, a small current and 
measurable in microamperes or milliamperes for a receiving 
valve, but for a generating valve may be a large fraction of 
an ampere. Small thermionic currents can be measured with 
a suitable Paul single-pivot galvanometer, which may be 
shunted by a shunt made of eureka or constantin wire, so as 
to read milliamperes if required. It is not difficult to con- 
struct dynamometer wattmeters which will give at one reading 
the power taken up in the filament, and also to make electro- 
static wattmeters which will give the power given to the 
valve by the plate battery. We have, then, the means of 
measuring the whole power given to the valve in the form of 
direct current, partly expended in heating the filament, 
partly in internal work in the valve and the remainder appear- 
ing as oscillations in the external plate circuit in the case of a 
generating valve. 

2. Measurements of Characteristic Constants.—We have 
next to consider the measurement of the principal characteristic 
slopes of the valve, viz., the quantities we have designated 
by a and bin previous chapters. If 7, is the plate or thermionic 
current, and v, is the anode potential, and v, the grid potential, 
then— 

pele 

dv 

5 at 
Avy 


The most direct method of measuring these quantities is to 


when v, 1s constant, and 


when vy is constant. 


Development of Thermionic Valves for Naval Uses”’ (see Journal Inst. 
Elec. Eng. Lond., vol. lviii., p. 670, August, 1920, ; 
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plot a short length of the characteristic curves, viz., the 
curve showing graphically the variation of plate current with 
grid voltage when the anode or plate potential is constant, 
and also the curve showing the variation of plate current with 
plate or anode voltage when the grid voltage is kept constant. 
The slopes of these curves at particular points represent 
conductivities ; that of the first-named curve gives us a, and 
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Fic. 212.—Target Diagram for Certain Thermionic Valves. 
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ANODE CURRENT.—GRID VOLTAGE SLOPE k,. 


that of the second-named curve gives us b. These con- 
ductivities are conveniently measured in milliamperes per 
volt. 

The ratio of a/b gives us, then, the amplification factor, 4. 

In Fig. 212 are shown the results of a series of such measure- 
ments made for a number of valves in which the results for 
each valve are represented by the co-ordinates of a point or 
dot, the horizontal co-ordinate or abscissa of the dot denoting 
the value of b for a particular valve, and the vertical ordi- 
nate a. 
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Hence, the slope of the line connecting the dot with the 
origin gives us the value of the /, or amplification factor. It 
will be seen that these radii vectors all le between two extreme 
lines, which define the limits of the amplification factor varia- 
tion for that set of valves. 

Bearing in mind that 1/b is the effective resistance of the 
space between filament and plate, it will be seen that for 
these valves, tested in Fig. 212, the internal resistance, R; = 


Fic. 213.—Arrangement of Circuits for measuring slope of characteristic 
curve. (E. V. Appleton.) 
1/b, is about 50,000 ohms, and a is about 0-2 or 1/5, that 1s, a 
variation in grid voltage of 2-5 volts either way—up or down— 
produces a change of 1 milliampere in the thermionic current 
when the plate potential remains constant. 

In these examples, k = a/b varies between 6 and 12 in 
magnitude. This diagram is useful in showing how far the 
valves tested agree in their internal conductivities and 
amplification, but it does not show how these conductivities 
vary with the plate and grid voltages. | It is therefore necessary 
to plot other diagrams in which the variation of a and 6 with 
plate voltage or grid voltage is clearly shown. 

It has been found desirable to possess quicker methods of 
determining a and 6 than by delineating portions of the 
characteristic curves. The slope can, however, be determined) 
at any point by one single measurement by a convenient 
method devised by Captain E. V. Appleton, which is as 
follows: A battery, B,, is placed in the plate and a battery, 
B,, in the grid circuit (see Fig. 213), and a resistance, .R,. 
inserted with galvanometer, G, as shown in the diagram. 
A key, K, is placed in the grid circuit. 
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When this key is open the galvanometer, G, measures the 
normal plate current. If the key is closed the galvanometer 
reading will in general alter. It is possible, however, to 
adjust the resistance, R, to such a value that the galvanometer 
reading does not change.- When this is the case the reciprocal 
of the resistance, R, measures the slope of the characteristic 
corresponding to the plate current at that instant. 

This method of measurement was described by Captain 
Appleton in an article in The Wireless World for November, 
1918, p. 458, entitled “A Thermionic Valve Slopemeter.”’ 
He gives in the above article a proof of the above theorem, 
but the author has given another proof, as follows : 

If we redraw the circuits we see that the arrangement in 


Fra. 214. 


| Fig. 213 is equivalent to the arrangement in Fig. 214. Let 


the resistance of the vacuous space between the grid and plate 
at the instant considered be 7’ ohms, and that between the 
grid and filament 7 ohms, and let the resistance of the galvano- 
meter be g ohms, which is negligible compared with ¢ or 7’. 
Suppose V to be the E.M.F. of the grid battery, B, and V’ 
that of the plate battery, and let the resistance of all connec- 
tions and batteries be negligible. Then, if R is the variable 
resistance, it is evident that the arrangement forms a network 
of conductors, as in Fig. 215. Let x, y and z be the cyclic 
currents circulating all in a positive direction. Then gz is 
the current through the galvanometer and y is the plate 


current, and V is the grid potential. Hence, J is the plate 


current divided by grid potential (= a) and is the characteristic 
slope or conductance, the value of which we require. In the 
first place, suppose the key, A, to be open, then the network 
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becomes a simple two-mesh network. If we write down the 
cyclic equations, for the network we have the equations 
— Re + (Rey = 0" 6 
(R+r+gja—Ry=ojf*c 
{ft the key is closed we have a three-mesh network, and the 
cyclic equations are 


go Bee oe (fect ly 4 02 ==" Ve) 
~—re 4+ Oy+r2=V}> . . (2) 
(R+r+g)x—Ry—1z—=0 | 


Solving these linear equations for « and neglecting g in 


Fig. 215. 


comparison with 7 or 7’, we have the value as the quotient 
of two determinants—viz. : 
From equation (1) 


ViR+e 
gies Ores ee VR (3) 
|—RR+r | (R+1r) (R47) — PB 
R++r—R 
From equation (2) 
V’,R+1',0 
V, 0, r | 
Me fot | ee VR sr) rte Rr : 
 |—R,R+7,0| 7 r(R+r)(R+r)—P7(R+1’) — Rr 
—fr, oO, fr 
ret 7; Se em (4) 


* For the method of constructing these equations and solving conducting 
network problems the reader is referred to the author’s book, The Wireless 
Telegraphist’s Pocket Book of Notes, Formule, and Calculations (The Wireless 
Press, Limited, 12-13, Henrietta Street, London, W.C. 2). 
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If the value of R is adjusted so that the current through 
the galvanometer (=z) is the same with key up as key 
down, we can equate the values of x in solutions (3) and (4), 
and we have | . 


VR yaa is ViR+r)+VR 2% 
(Ri 1) (R-p9') (Rt 1) (Br) yee 


Ve (R+n(R+r)—P 


EN ete SRE Nae a i a ae 5 
or Ta ak ae \ ee 
Now the plate current is y, and the value of y with key 
down is 
— Rk, V’', o 
ae ee ee 
ear see VRr + Vig test) oe Vrs 
PSB B70] Rn) (R +) — PR ee 
— 1, 0, r < 
R+yr,—R,—r | 
Hence the conductivity a = y/V is 
ye V’ } 
Bop a) 7 


Jee 
VO (R47) (R+7)— Br (R41) 
Substituting in (6) the value of V’/V from (5), we have 


(R+n)(kR+1r)— Rk 
ee (0 
V~ (R4n)(R4r)— R71 (R+7) 
Simplifying (7), we have 
UES gran lines | 
Vie pte Re oi oe: Se aneteae 
But x and 7” are large compared with R. Hence, we can 
say that 3 a 
’ 1 | a 
a= + = R = s A . - (9) ; ‘ 


In other words, the reciprocal of R measures the slope of 
the characteristic, a, provided that R is so adjusted that 
the current read by the galvanometer does not alter whether 
“the key, K, is open or closed. ; 

Furthermore, suppose a resistance, R’, is inserted in series 
with the plate battery, then we virtually increase 7’ by an 
amount R’, and we can write equation (8) 
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Ee oiaat so = Ra () 
roca CF (10) 


Since 7 1s large, we can nese 1/r, ae we have 
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Fig. 216.—Appleton’s Slopemeter Circuits. 


or since 7’ is large compared with R’ 
1 a a 


= Fes Bea ee ea mrees 8 EL 
Renee 1+06R 


This last quantity, TR’ is defined by Vallauri as the 


amplifying power of the valve, and it is measured by 1/R. 

In a more recent method described by Mr. Appleton an 
alternating voltage of low frequency is employed. The scheme 
of circuits in this test is as shown in Fig. 216. 

The valve filament is rendered incandescent by a suitable 
battery, B, and a battery, B,, of the requisite electromotive 
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force inserted in the plate circuit, and a battery, B,, with 
potentiometer shunt is inserted in the grid circuit so as to 
give the grid any required constant potential. The low-fre- 
quency alternator, A, is coupled inductively with the grid 
circuit, as shown, and two inductionless resistances, R and ,, 
the first of which is large and variable and the second small 
and constant, are inserted, as indicated in Fig. 216. From 
the terminals of 7 wires lead to a telephone receiver, and 
if necessary an amplifier may be interpolated. 

It I is the steady value of the thermionic or plate current 
when the alternator is not connected, then the difference of 
I Rr 

K-71, 
because the current J is divided between the two resistances 
Ff and r on its way to the filament. 

Suppose, then, the alternator is switched in. It applies an 
alternating electromotive force, which may be denoted by 
E sin pt between the grid and filament. 

It also creates in the resistances, Rand 7, alternating currents 


potential of the terminals of the resistance 7 is 


which are superimposed on the direct current above men-— 


tioned. 
But the variation of grid potential causes a variation of 
plate current ; so the latter becomes pulsatory and its strength 


is expressed at the instant ¢ by J++ 2 E sin pt. The variable 


portion, viz., = — sin pt, causes an alternating potential 


difference of the terminals of the resistance 7, which is repre- 


sented by aie vee sin pt. 


But the alternator produces an alternating current directly 
on the resistance r, and this last creates an alternating potential 
rE sin pt 

R-+ rr 

Owing to the mode of connection, these two alternating 
potential differences counteract each other, and by adjustment 
of the resistance R may be made to neutralise each other. 
Then we have as the condition of this neutralisation, 
resin pt Rr di 

Rtr R+rd 
hh Lisks 
DU ude see 


difference of the terminals of r denoted, by 


Ef sin ib 4 ee 


or 


—. 


OREN eee, 


—— eo _ i ae 


“A 


So ae ee 


THERMIONIC VALVE TESTING 343 


Tre ae 
But ee is the slope of the characteristic current, viz., the rate 


dv 
at which the plate current changes with grid.voltage, and this 
is the conductivity we have denoted by a. 

The measurement then consists in applying a known 
measured alternating grid voltage, adjusted by means of the 
battery B, to have a certain superimposed constant voltage, 
and also a steady direct plate current, J, adjusted by means of 
the battery B, to have any required strength, and then altering 
the resistance, R, until a telephone connected to the terminals 
of 7 gives either no sound or a minimum, when the small alter- 
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Fic. 217.—Method of J. M. Miller for measuring the amplification 
factor, k, and internal resistance of a Thermionic Valve. 
nating voltage with a frequency within audition limits is 
applied to the grid by means of the alternator. 

We can then plot the characteristic curve as shown in Fig. 
63, Chapter III., and also a curve which gives the slope of the 
characteristic at various points. The ordinate of this last 
curve gives us the value of the conductivity coefficient we have 
denoted by a. 

It is generally convenient to express a and 6 in milliamperes 
per volt on the grid. The maximum value of a may be some- 
thing like 0-5 at the central part of the characteristic for most 
types of receiving valve. The ratio a/b =k or the ampli- 
fication factor. : 

J. M. Miller has given a simple method of measuring the 
quantities k and R; or 1/b for any valve as follows : ? 

An alternating voltage having a frequency of 1,000 to 2,000 


1 See Proceedings of the Institute of Radio Engineers, of New York, U.S.A., 
vol. vi., p. 144, June, 1918. 
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is applied to the ends of a potentiometer wire, c d, having a 
sliding contact (see Fig. 217). One end of this potentiometer 
wire is connected to the grid of the valve through a grid 
battery, and the shifting contact to the filament. The plate 
is connected to the other end of the potentiometer through a 
plate battery and telephone, and a variable resistance, R, from 
0 to 10,000 ohms is inserted as shown. A key, K, is placed in 
series with this resistance. Let r, and r, be the resistances of 
the two sections of the potentiometer wire, and with the switch 
open let the contact poimt be shifted until no sound is heard in 
the telephone. Then if A is the alternating current flowing in 
the potentiometer wire, r,A is the alternating potential applied 
to the grid and 7,4 is the alternating E.M.F. in the plate 
circuit. Hence we have— 


ie 
pore r ea 

To determine the internal resistance, R;, of the valve, we 
put the slider at the middle of the potentiometer wire, and then 
vary the resistance, #, until no sound is heard in the telephone 
when the switch, S, is closed. Then, if A is the A.C. current 
in the potentiometer wire, the potential, e,, applied to the grid 
is r,A, and the current in the plate circuit is therefore equal to 


kr,A , | 
RR and the potential drop down the resistance, , is 
eae since no current flows through the telephone. But 


this last P.D. is balanced by the fall in potential, 7,4, down the 
potentiometer wire. Hence— 

Coes lt 

is Ti R; + Ae 
If, then, r, = 7, we have R; = (k — 1) R. 

If the amplification factor, k, and the internal resistance, 

R;, are thus measured with various values of the plate circuit 
impressed E.M.F., we can set them out in the form of curves 
as in Fig. 218, which is taken from J. M. Miller’s paper (loc. cit.). 
Furthermore, we can determine from them the value of the 
quantity called by Hazeltine the mutual conductance of the 
grid and plate circuit. It would be better to call it the 
characteristic slope of the valve. For we have seen that if v, 


(14) 


* See L. A. Hazeltine on “ Oscillating Audion Circuits,” Proceedings of 
the Institute of Radio Engineers, vol. vi., p. 63, 1918. See also Chapter V1. 
of this book. ’ 
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is the resultant grid potential and v, is that of the plate, then 
k = dv,/dv,, and also R; = dv,/di,, where 2, is the plate cur- 
rent. Hence k/R; = d,i,/dv. But this last is the slope of the 
curve which defines the relation of plate current to grid voltage, 


Pate VOLTAGE 


Fie, 218.—Curves representing the variation of amplification factor 
k, and internal resistance R;, of a Three-electrode Valve. 


and is Hazeltine’s mutual conductance, which he denotes by 
the letter g. 

A method of measuring the mutual conductance directly 
has been devised by Stuart Ballantine (see Proceedings of the 
Institute of Radio Engineers, vol. vii., p. 129, April, 1909, “ On 
the Operational Characteristics of Thermionic Amplifiers ”). 

It is clear, however, that the mutual conductance, g, the 
amplification factor, k, the internal resistance, R;, and Vallauri’s 
factors, a and 6, are connected with one another as follows : 
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Accordingly, we can take the parameters of the three-electrode 
valve to be k, R;, and a. 

The quantity R; is measured in ohms, the quantity a is of 
the dimensions of a conductance, and is measured in ohms, 
and the quantity & is a mere numeric. 

3. Hazeltine’s Theory. The Derived Characteristic.—Hazel- 
tine has introduced into the theoretical discussion of the theory 
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of the thermionic valve the useful conception of a derived 
characteristic curve. 

Suppose that we have drawn a family of characteristics as 
in Fig. 219, in which each firm line curve represents the change 
in alternating plate current which takes place when the grid 
alternating potential is varied, each such curve being drawn 
for some particular constant value of the plate voltage. These 
curves are then sections of the characteristic surface taken 
perpendicular to the axis along which plate potential is set off. 

If the valve is creating oscillations, then the oscillating grid 
potential is nearly opposite in phase to the oscillating plate 
potential as shown by the vector diagram in Fig. 94, Chapter IV. 
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If, then, we have alternating potential differences v, and v, 
at the ends of coils across the plate and grid to filament 
‘circuits, their instantaneous values will have a constant ratio 
denoted, say, by n or Up/vg = n. 

- Tf, therefore, we start with the grid and plate potentials 
having a certain ratio denoted by the point P, on the curve (1), 
and if we make the plate a little less positive, so as to pass 
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Fig. 220. 


to the curve (2), then the grid will become a little more positive 
by an amount equal to 1/n of the change in plate potential. 
This may be represented by a distance X, X, in Fig. 219, and 
hence, drawing a perpendicular through the point X,, we arrive 
at the point P,, which gives us another point on the dotted 
curve called a derived characteristic. We can in the same 
manner determine successively the points Ps, P4, etc. 

This derived characteristic may have a maximum ordinate 
at some abscissa (see Fig. 220). 

The theoretical basis of this treatment is the fact already 
mentioned in Chapter VII. (equation (1) ), viz., that the plate 
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current (7) 18 a function not merely of the plate and grid 
potentials, but of their conjoint operation. If characteristics 
are drawn showing plate current in terms of grid voltage for 
various constant plate voltages these curves are similar in form, 
but are respectively shifted parallel to themselves. 

Hence, whatever may be the form of the mathematical 
function of v, and v, which gives us i,, it is clear that 2, is a 


function of v + je: Therefore, an increase in v, must be 


accompanied by a decrease in v, equal to & times the increase in dy.- 


The result is to give us the derived characteristic curve. 
The most useful application of the derived characteristic 
is in determining the relation between the coil inductances or 
condenser capacities in the plate and grid circuits respectively, 
which will result in the greatest power output from the valve — 
[- when used as a generator. 
A method of employing the derived characteristic for the 
determination of the output efficiency of an oscillating three- 
. electrode valve has been given by Lewis M. Hull in a publica- 
| tion of the Bureau of Standards, U.S.A.1 
| Consider the case of a three-electrode valve having in the 


~ 


| 
Fra. 221. 
| 
| 


1 No. 355, issued December Ist, 1919. ‘‘ Determination of the Output 
| Characteristics of Electron Tube Generators.”’ 
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grid circuit an inductance, L,, and in the plate circuit an 
inductance, L,, and a battery of H.M.F. Ey, the mductances 
being completed by a capacity, C, and inductionless resistance, 
R (see Fig. 221), then a direct current flows from the battery, 
from filament through the inductance, L,, to the plate under 
the usual convention as to direction, viz., that it is that of 
the movement of positive electricity. 

The current in L, acts inductively on the circuit L,, and 
induces in it a° voltage which, if the circuits are wound in the 
proper manner, will make the grid potential always opposite in 
sien to the plate potential, that of the filament being taken 
as Zero. 

Under these conditions pulsations are produced in the 
direct plate current which are equivalent to the superposition 
of an alternating current on a steady direct current, and 
likewise there is a pulsating current flowing in the grid-filament 
circuit. These currents are pulsating and not alternating, 
because of the unidirectional conductivity of the vacuous 
space between the filament and the grid and plate. On the 
other hand, if the inductances, L,, Lj, are completed by a 
capacity, C, this circuit is resonant for a frequency equal to 


1/27VO(L, + L,), and an oscillatory current of this frequency 


is set up in it, called the output current. The amplitude of 
the output current, whose instantaneous value is represented 
by i, and maximum by J,, may be many times greater than 
the amplitude of the pulsating currents in the grid and plate 
circuits. At any instant there is a terminal potential difference 
for the coil, L,, equal to pLgig, where p = 27 times the fre- 
quency of 2, and also a terminal P.D. for the other coil equal 
to pLipta: ; 

Hence, an alternating current flows in the grid circuit, 
which is in phase with the alternating voltage across the coil, 
L,, and therefore represents power drawn from the output 
current circuit. 

On the other hand, a sinoidal alternating constituent of 
the plate current flows in opposition to the voltage across 
the coil, L,, and this means that power is supplied to the 
output circuit by the thermionic valve. 

As the output current increases, the amplitudes of these 
voltages across the coils, Z, and L,, increase proportionately. 
The alternating grid current increases more rapidly as the 
amplitude of the plate voltage becomes larger. On this 
account the power loss to the grid increases. 
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A condition of stability is reached when the alternating 
power supplied to the plate circuit minus that given to the 
grid is equal to the power dissipated in the coils, Ly, Ly and R. 

A derived characteristic for any three-electrode valve is 
then drawn from measurements made as follows: A certain 
steady or direct voltage, E,, is applied to the plate, and a 
certain steady voltage, H,, is applied to the grid. The voltage, 
£;, 1s then increased by steps, and at the same time changes 
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are made in the plate voltage opposite in direction to the 
increment of grid voltage, and equal to » times the grid 
voltage. 

Thus, for instance, such a derived characteristic is given by 
Lewis M. Hull (loc. cit.) for a tungsten filament three-electrode 
valve starting with a steady positive plate voltage of 300, and 
a grid voltage of zero. The grid voltage was then increased 
by steps, say, 10 volts at a time, and at the same time the 
plate voltage was diminished by 10, where n = 1 for this 
experiment. The plate and grid currents were then measured 
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at each stage, and plotted as ordinates to the grid voltage. 
The two curves obtained are shown in Fig. 228. Of course, 
the grid current can never have any value greater than zero 
unless the grid potential is positive. From these derived 
characteristic curves the power output of the valve can be 
obtained. 

If we apply to the grid an alternating voltage, which we 
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shall assume to have a pure sine curve form, then we can 
obtain from the derived characteristic the wave form of the 
plate current, as follows : 

In Fig. 223 let NZM be a part of this characteristic, and let 
the point O correspond to a certain grid potential, on which 
is superimposed a sinoidal variation with amplitude OP = OQ. 
Then, drawing a sine curve, OBFD, the ordinates of this repre- 
sent instantaneous values of the grid voltage. Corresponding to 
any maximum grid voltages, at times OA, OC, we have plate 
currents, PM, QV. Hence, if we set off a curve, RSTUYV, 
having ordinates, OR, BT, DV, equal to OL, and ordinates 
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AS = PM, CV =QN, etc., we obtain a curve, RSTUV, 
which delineates the variation of plate current during the 
complete period. According to Fourier’s theorem this curve 
can be represented by sine and cosine functions of the time— 
y = Ay + A, sin pt + B, cos pt + A, sin 2pt + 
B, cos 2pt + ete. 

It is, however, easily seen that each half wave of the curve 
is symmetrical about its centre or mid-ordinate. 

Hence it follows that all the harmonics, which, together with 
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the fundamental, build up the actual curve, RSTU V, must be 
similarly symmetrically placed ; that is, their phase differences 
from the fundamental must be either 0° or 90°. Hence, it is 
clear that the coefficient B, in the above equation must be 
zero, and also A, must be zero, ete. 

We can determine the value of the remaining coefficients in 
the usual manner.! | 

We determine, for instance, the coefficient A, by taking 
the mean value of a large number of equispaced ordinates of 
the curve RSTUV. This gives us the direct current 
component of the plate current. We determine the value of 


* For a more detailed account of the Fourier analysis of a complex 
periodic curve the reader is referred to the author’s book, Propagation of 
Electric Currents in Telephone and Telegraph Conductors, Chapter IV., 
3rd Edition. (Constable & Co., London.) 
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the coefficient, A,, by taking twice the mean value of the 
products of the length of each equispaced ordinate and the 
sine of its phase angle, that is, twice the mean value of y sin pt 
taken for equispaced intervals of the ordinate y corresponding 
to an angular abscissa pl. 

The fundamental sine curve component is the one whose 
amplitude, A,, 1s chiefly required. 

Mr. Hull has given in his paper (loc. cit.) (see Fig. 224) a 
set of curves showing the direct current component, and the 
amplitude of the fundamental sinusoid of the plate current, 
and the amplitude of the fundament of the grid current for 
the thermionic valve, the derived characteristic of which is 
given in Fig. 222. 

The efficiency of the valve as an oscillator is then obtained 
as follows: If #, is the E.M.F. of the battery in the plate cir- 
cuit, and if J, is the direct current component (equal to Ag) 
obtained, as above described, then this current, /,, 1s measur- 
able by a direct current ammeter placed in the plate circuit. 
Hence, the power, P, given to the valve (neglecting that 
required to heat the filament) is Lpl». 

If we consider only the fundamental sinoidal current 
components in the oscillatory cireuit then the resultant 
oscillatory power produced— 


1 
Po pa (Ely — gly). . (19) 


where ,J,, ,J, are the amplitudes of the fundamental sine 
component of the plate and grid circuits respectively, and 
Ep, ,Ey are the same for the terminal potential differences 
of the coils, Zp, Ly. But now ,H, = n,H,, and hence substitut- 
ing in the above equation we have 


ni, 1 
Po = a4 ( 1p ae “J,) 


2 n 
Therefore, the efficiency of the valve as an oscillator 1s 
Po 1 Ey (Mp — aly 
oll L Je. pheeru (16) 


If the power required to heat the filament forms any sensible 
fraction of P, it must be included in P by writing, instead of 
P, P+ AV, where A is the filament current and V the fila- 
ment volts. It is possible, therefore, to obtain in this mode 
‘ of working 50 per cent. efficiency of transformation from the 


valve, provided the filament absorbs a small fraction of the 
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total D.C. power given to the valve, and provided n is so 
chosen that 
ily — 1, /n = I, and , Hy = E,/n. 

For the particular thermionic valve whose characteristic 
is given above, having a plate voltage of 300, the maximum 
power output occurs when ,Z, = 190 volts, and then P, = 4: 37 
watts, and the efficiency is 29.5 ‘5 per cent. 

From the above expression it will be seen that efficiencies 
greater than 5) per cent. are impossible under the conditions 
above assumed, but as shown in Chapter VL., it is possible to 
obtain much higher efficiencies when a steady negative 
potential is applied to the grid. 

4. Arrangements for Valve Testing.—In designing a scheme 
of connections for the testing of three-electrode thermionic 
valves, arrangements should be made for applying to the grid _- 
an alternating voltage of known and measurable amount, 
and also a superimposed steady or direct voltage which can 
be adjusted continuously to any positive or negative value. 
We must, then, be able to measure both the alternating and 
direct part of this applied grid voltage or current, and also 
the same for the plate current. 

These currents, as far as that part of them which flows 
through the valve space is concerned, are pulsating currents, 
that is, they are unidirectional currents on account of the 
unilateral conductivity of the space between the hot filament — 
and cold grid or plate. They may therefore be regarded as 
composed of an alternating current superimposed on a direct 
current. We require to “separate and measure these two 
components separately. | 

Suppose the alternating portion is a true sinoidal current of 
maximum value, J, so that we can represent its instantaneous. 
value by 7 = I sin pt, where p = 27 times the frequency. 

Let I, be the constant direct current on which the alter- 

: nating current is superimposed. Then the total current at 
a any instant is J, + J sin pt. 

If we insert in a circuit conveying this current an electro- 
dynamometer or a hot-wire ammeter which measures the 
root-mean-square (R.M.S.) value of the current passing through 
it, then the reading of such an instrument traversed by such 
a current is proportional to the R.M.S. value of J, + J sin pt, 


H r/ 1 vi - \)2 ° 
i or to ay {I, + J sin pt: di taken throughout a period. 


This integral is equal to V/,2 + 4/2 or to VI,2 + (R.MLS. 2)?. 
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Hence, if we draw a horizontal line the length of which is 
proportional to the direct current, J,, and erect a perpendicular 
at an extremity proportional to the R.M.S. value of the 
alternating part, then the hypothenuse of this right-angled 
triangle will represent to the same scale the total current as 
read by the hot wire or dynamometer instruments. Con- 
versely, if we know the total current and the continuous or 
direct component we can find from a right-angled triangle 
the alternating part. 

If the total current is passed through a movable coil galvano- 
meter shunted by a condenser, this instrument will read only 
the direct current part of the current. Hence, we can separate 
the direct and alternating components of a pulsating current 
by passing this current through an electrodynamometer in 
series with a permanent magnet movable coil galvanometer 
shunted by a condenser, both instruments having been 
previously calibrated by the use of known direct currents, 
and known alternating currents simultaneously passed through 
them. The electrodynamometer should consist of a fixed 
coil of wire in series with a concentric suspended coil with 
its axis at right angles to that of the fixed coil. The suspended 
coil may have a bifilar suspension consisting of two fine 
parallel wires, through which the current is led into and out 
of the suspended coil. This coil can have a mirror attached 
to it by which its deflections can be determined. The induct- 
ance of these two coils should be as small as is consistent 
with securing sufficient sensitiveness. 

If the total current or the alternating part is too small to 
be measured by any easily constructed electrodynamometer, 
then the alternating portion above can be measured as follows : 

If we place the primary circuit of an air-core induction coil 
in any circuit in which there is a pulsatory current, then the 
direct part of that current does not create any electromotive 
force in the secondary circuit of this coil, but only its 
alternating part. 

Let M be the mutual inductance of the primary and 
secondary circuits. The value of M can be determined by 
the method due to Carey Foster.1 Let p =2qn where n is 
the frequency of the alternating current, and let J sin pt be 
the instantaneous value of the alternating current in the 
primary cirewmt. Then MplI is the maximum value of the 


* See The Wireless Telegraphist’s Pocket Book of Notes and Formule, by 
J. A. Fleming, p. 156. (The Wireless Press, Ltd., 12/13, Henrietta Street, 
London, W.C. 2.) 
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electromotive force created by it in the secondary circuit, 
and MpI/2 is the R.M.S. value on the assumption of sine 
curve currents. This secondary voltage or E.M.F. can be. 
measured by an electrostatic voltmeter or electrometer 
capable of reading low voltages. 

Thus, if M = 30 millihenrys, p =6 x 108, and the secondary 
voltage V. = 20 volts, we have Mp = 180,000, and therefore 
the primary alternating current is one-ninth of a milliampere. 

If, therefore, the observer possesses a sensitive electrostatic 
voltmeter, such as an*’Ayrton and Mather or a Dolezalek 
instrument, this method gives a simple means of determining 
the alternating part of the pulsatory current. 

Another instrument which can be used to separate out the 
alternating part from the direct current part of the plate 
current is the author’s copper-disk galvanometer. If a light 
circular disk of metal which is a good conductor, such as 
copper, silver, or aluminium, is suspended by a torsion wire 
or quartz fibre, and if this disk is suspended within a coil of 
insulated wire, like a galvanometer coil, so that the plane of 


the disk makes an angle of 45° with the axis of the coil, then 


when an alternating current flows through the wire of the coil 
the disk will turn itself so that the plane of the disk stands 
more in the direction of the axis of the coil. 

A direct current sent through the coil has no effect in turning 
the disk. If the disk is made of mica well silvered on both 
sides, and if it is suspended, as described, by a quartz fibre, 
and if a fragment of silvered microscopic glass is affixed to 
the disk so that by means of a ray of light reflected from it 
any very small movement can be observed, then a very feeble 
alternating current can be detected if passed through a suitable 
embracing coil of wire. If the coil is wound with such wire 
that its reactance (27nL) for the frequency n at which it is 
used is very large compared with its ohmic or true resistance R 
then it can be shown from theory that the torque acting on 
the disk is proportional to the square of the alternating 
current flowing through the coil and nearly independent of the 
frequency of that current. This will be the case if the coil 
is wound with rather thick wire which is properly stranded. 

The best way to calibrate such an instrument is to divide 
the coil of wire into two parts, which are placed on opposite 
sides of the suspended disk and can be moved away to different 
known but equal distances from the disk. We begin by 
suspending the disk by a rather stiff suspension wire, and we 
determine the relative values of the alternating currents of 
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the same frequency which will produce the same deflection 
of the disk as the coils are moved step by step farther from 
the disk, but of course keeping them at equal distances from 
it, and with axes in line with each other. Then, keeping the 
coils close to the disk, we determine the relative values of the 
currents which will create known and determined angular 
deflections of the disk. 

The currents so used must be strong enough to be measured 
by some kind of electrodynamometer or hot-wire ammeter. 

We then change the suspending wire for a much more pliable 
or finer one, and placing the coil as far as possible from the 
disk determine the measured value of the current which makes 
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Fic. 225.—Scheme of Circuits for measuring the amplification 
factor of a thermionic valve. 


a certain deflection of the disk. If then the coils are again 
brought close to the disk, we know from the first set of obser- 
vations what is the reduced value of the current which will 
make the standard deflection, and from the second set of 
observations what is the ratio of that current to other currents 
which will make other observed deflections. 

This suspended disk galvanometer may thus be calibrated 
to read the strengths of feeble alternating currents of high 
- frequency. 

If, therefore, a pulsatory current is passed through it, the 
direct or unidirectional flow of that current does not affect the 
instrument, but only the alternating current portion. 

For the theory of this disk galvanometer, the reader is 
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referred to the author’s book The Principles of Electric Wave 
Telegraphy and Telephony, 4th edit., Chapter IT., § 13 (Long- 
mans, Green & Co., London). 

5. Measurement of the Amplification Factor.—A method of 
measuring the amplification factor of three-electrode ther- 
mionic valves was described by H. J. Van der Bijl in a paper 
on “The Theory of the Thermionic Amplifier,’ to which 
reference has already been made (see The Physical Review, 
September, 1918, vol. xii., p. 171). 

In this arrangement a high-tension battery, B,, the voltage 
of which could be measured, was inserted in the plate circuit, 
and another battery, Bj, was arranged with a potentiometer 
wire so as to apply to the grid any required direct voltage plus 
or minus (see Hig. 225). In addition, a third battery, Bs, was 
employed to incandesce the filament, and this filament was 
kept at zero potential by an earth wire. ; 

The plate circuit included two inductionless resistances, R, 
and #,, and also.a direct current galvanometer or electro- 
dynamometer, G,, by which the direct current part of the plate 
current was measured. The resistance R, was shunted by an 
alternating current galvanometer, (,, the resistance of which 
was small compared with that of the wire R,.. In series with 
this last galvanometer was a battery, B,, the E.M.F. of which 
was adjusted so as to prevent any of the direct current pro- 
duced by the battery, B,, from flowing through the galvano- 
meter, Gj. It was thus arranged that when the grid was at 


zero potential and no alternating current was generated in the. 


plate circuit, the galvanometer G, gave no reading. An 
alternating potential variation of simple sine form was then 
applied to the grid by means of an alternator or a thermionic 
oscillator, and the alternating potential of the grid determined 
by measuring the alternating current flowing through an 
inductionless resistance, Rs, in series with an alternating current 
galvanometer, Gs, placed across the terminals of the alternator. 

It follows from this arrangement that the galvanometer, G,, 
measures the alternating part of the plate current, and hence 
from the known value of the resistance, R,, the alternating part 
of the plate voltage is determined. The readings of the galvano- 
meter, Gg, give, then, the values of the alternating current 
flowing through the known resistance, Rs, and hence the alter- 
nating voltage applied to the grid. 

The ratio of the drop in potential (alternating) down the 
resistance, R,, to the alternating voltage applied to the grid, or 
the drop in potential down the resistance, R, can be plotted in 
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a diagram and gives a practically straight line of such slope 
as to show that this voltage amplification was near to 5, and 
was independent of frequency over a wide range. 

It has been shown in Chapter IV., § 6, dealing with valve 
theory, that the voltage amplification k’ or ratio of the alter- 
nating potential fall down a resistance in the plate circuit to 
the alternating potential difference of grid and filament is 
given by 
Shape ideale 1 
 R+R  14+R/R 


where £; is the internal plate to filament resistance, and FR is 


k’ 
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Fig. 226. 


the resistance in the external plate circuit and & is the voltage 
amplification when RF is infinite. 

In the experiments of Van der Bil here described, the 
internal resistance, R;, of the valve used was 14,800 ohms, and 
the external resistance, R, was 15,000 ohms. Under these con- 
ditions f;/R = 1 and k’ was experimentally found to be 5-1. 
Therefore k = 10-2, and this inference was borne out by experi- 
ment. The curves in Fig. 226 show the gradual increase in 
voltage amplification for two different input voltages, viz., 
3-55 volts and 0-45 volt, and it is seen that in both cases for 
increasing values of R;/R the amplification tends towards a 
numerical value of 10 or so. Theory also shows (see Chapter 
IV.) that the power amplification is a maximum when the 
external resistance in the plate circuit is equal to the internal 
plate-filament resistance. The alternating current power 
given to the external plate circuit resistance, R, is Ri,2 where 
tp is the alternating plate current as measured by the galvano- 
meter, Gy, in Fig. 225. 

Plotting this power for various values of R as in Fig, 227, 
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Van der Bijl found that the curve rose to a,maximum value 
for R = 15,000 or approximately when R = R;. 
_ It has been shown in Chapter IV., equation (77), that the 
power amplification is given by the expression 
_ __Thk i (18) 
| | 1 Parag (R a Rj)? ° . . ° . 
and since v,*/r is the input power, we have for the power out- 
put on the resistance, R, the expression 
poe. U_"h?R 


(AR + fi)? 


The firm line curve in Fig. 227 is drawn to represent the 


POWER P 


x 107 onMs 
EXTERNAL RESISTANCE R 
Pp 327: 


values of P in this last formula, taking R; = 14,800 ohms, 
> = 10-2, and giving R various values. The small circles on 
it denote the observed values of the power output as obtained 
from Rip? where 7, is the alternating plate current. These 
observed values lie as shown upon the curve exactly, thus giving 
a proof of the correctness of the theory from which the formula 
giving this value of the power output P was deduced. 

6. The Thermionic Valve as a Research Appliance.—The 
thermionic valve is not only an object of test in itself, but it 
serves also as a means of making many other physical measure- 
ments, and in this respect, viz., as an instrument of research, 
it bestows in some kinds of measurement remarkable powers. 

Thus, for instance, Dr. R. Whiddington arranges a pair of 
three-electrode valves each with grid and plate circuit coupled 
so as to generate oscillations. Across the plate coil of one set 
is placed a variable capacity air condenser C,, and across the 
other a plate condenser the plates of which can be varied in 
distance. If these two valve circuits are slightly out of tune 
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with each other, but placed in proximity, beats will be pro- 
duced and heard in the telephone receiver, 7’, provided the two- 
valve circuits are loosely coupled (see Fig. 228). 

Since the beat frequency is equal to the difference between 
the frequencies of the two beating circuits, it follows that any 
percentage change in the natural frequency of one of these 
circuits makes a much greater percentage change in the beat 
frequency. Thus, suppose the-two valve circuits were tuned 
respectively to produce oscillations of 1,000,000 and 999,000 
respectively. The difference being 1,000, there would be beats 


Fig. 228.—Whiddington’s Method of estimating Small Displacements. 


at the rate of 1,000 per second, giving a shrill audible note in | 
the telephone. Suppose, then, that the frequency of one circuit 
is altered by 0-1 per cent., or by 1 part in 1,000, one giving, say, 
1,000,000 and the other 998,000 oscillations. The beat fre- 
quency is then changed from 1,000 to 2,000 per second or by 
100 per cent., which would make an extremely large difference 
in the beat-note, viz., one octave higher. Hence if the plates 
of condenser C, were moved nearer or further apart by an 
extremely small fraction of an inch, it will alter the capacity, 
and therefore the frequency, of one side sufficiently to make a 
quite sensible difference in the beat frequency. 

Dr. Whiddington has shown that by such an arrangement, 
it may be possible to measure movements which only amount 
to one two-hundred millionth of an inch.? 

The three-electrode valve has also been applied by Mr. J. 
Scott-Taggart in two very useful practical electrical measure- 
ments, viz., that of measuring insulation resistance and also 
high voltages.” 


1 See Dr. R. Whiddington ‘‘ On Wireless Valve Circuits as applied to the 
Measurement of Physical Quantities,’ The Wireless World, January 22nd, 
1921, a paper read before the Wireless Society of London, December 21st, 
1920 


2 See Mr. John Scott-Taggart, The Electrician, January 28th, 1921. 
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As regards insulation measurement his method is as follows : 

Let a three-electrode valve have an ammeter or galvano- 
meter inserted in the plate circuit together with the usual 
high-voltage plate battery. . 

Let another high-voltage battery (see Fig. 229) have its 

positive pole connected with the filament and its negative — 
pole connected through a key and through the insulation 
under test with the grid. 
i If the key is up and the circuit open the grid is not electrified, 
. | and the galvanometer 
| in the plate circuit 
therefore indicates a 
certain current. 

Next, let the key be 
closed. If the insula- 
tion under test is 
infinite, this act will | 
not result in changing 

| . the potential of the 
50 VOLTS grid, and therefore 
Fic. 229.—Method of using the Three-electrode there will be no change 

Valve as a Voltmeter (Scott-Taggart). in the plate current. 
If, however, the resistance is large but not infinite, the 
grid will slowly acquire a negative potential and the plate 
current will slowly decrease. If the insulation resistance 
is r ohms, we can determine the numerical value of this 
resistance as follows: Let a condenser of capacity C, which 
capacity is large compared with the grid capacity, be con- 
nected across between the grid and filament. Let the grid 
be connected to the terminal of the resistance under test, 
and let the filament be at zero potential. Then, if V is the 
voltage of the battery in series with the high resistance, and 


if at any instant the potential of the grid is v, then of is 


the current flowing into the condenser, C. If the high resist- 
ance obeys Ohm’s law, we can also say that the current through 
it is (V — v)/r. . Therefore, 


| V = ws Cro (Aa eee (19) 
The solution of this differential equation is 


Vi (1-24) 


where ¢ is the base of the Napierian logarithms. 
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Hence we have 


See eee Se ee eee ee 9) 
or r Clon se ea ae (20) 
where the logarithms are Napierian. 

If, then, we measure the plate current at successive seconds 
of time from closing the key, and if we have previously drawn 
a characteristic curve 
for this valve in terms P +M, 
of plate current and 1 
grid voltage for the 
particular plate voltage 
used, we can determine 
from this curve the 
grid. voltage, v, corre- 
sponding to certain 
observed plate currents, 
7, at successive seconds 
of time. 

Inserting in the above 
equation (20) corre- Q- “M2 
sponding values oft and Fre. 230.—The use of the Three-electrode 
v, we can calculate 1, Valve to measure high D.C. Voltages. 
or the insulation resistance of the specimen. 

This method has no advantage over the usual plan of 
determining the time of falling to half charge of a condenser 
closed by the high resistance under test except that we can 
make use of a thermionic valve and a plate circuit galvano- 
meter in place of an electrostatic voltmeter, which is required 
in the usual procedure for determining high resistance by the 
time of a condenser falling to half charge when caused to leak 
by the high resistance under test. 

The method of employing the three-electrode valve to 
measure high D.C. voltages within the same limits of the 
plate circuit is as follows : 

The plate of the valve is connected to one of the points, viz., 
the positive side of the circuit between the leads of which the 
D.C. voltage to be measured exists. The filament of the 
valve is connected to the other side, and a suitable ammeter 
is placed between the filament and the negative electrode or 
main (see Fig. 230). A current, then, is shown by this 
ammeter to be passing through the valve. 
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If we apply a certain negative voltage (which will be much 
less than that to be measured) to the grid, it will reduce the 
plate current, as shown by the ammeter, to zero. The ratio 
between this grid voltage and that of the circuit supplying the 
plate voltage is almost independent of the frequency and of 
the plate voltage. 

Hence, if we have determined that a grid voltage of v volts 
reduces the plate current to zero when the plate voltage is 
V volts, then if we apply another greater voltage, V’ volts, to 
the plate it will require a grid voltage v’ to reduce the plate 
current to zero, such that v’/v = V’/V very nearly. We can 
apply to the grid a known low voltage by means of a potentio- 
meter arrangement. 

These devices for the use of the three-electrode valve in 


electrical measurements have, however, a limited utility as — 


compared with its especial use, viz., as an amplifier. 

We can use with great advantage a series of thermionic 
valves ‘connected in cascade for audio-amplification in con- 
junction with a telephone in many electrical experiments. 
Nevertheless, it must be borne in mind that it-is only of use 
to amplify feeble alternating currents to produce audible 
telephonic sounds when we do not at the same time amplify 
disturbing noises. 

Another electrical test in which the rectifying or Fleming 
valve renders very useful assistance is in determining the 
amplitude factor, or its reciprocal, the crest factor, of an alter- 
nating current. 

The author defined many years ago two terms which have 
come into general use with respect to alternating currents, 
viz., the form factor (f) and the amplitude factor (g) of a wave 
form, whether current or electromotive force.! ~ They are 
defined as follows : 

The form factor is the ratio of the root-mean-square value 
of an alternating quantity to its true mean value. 

The amplitude factor 1s the ratio of the root-mean-square 
value to the maximum value. 


HW pe R.M.S. value _ RMS. value 
oe ee, EM Seale ee oe maximum value 
We can determine. the amplitude factor g of an alternating 


E.M.F. as follows: Supply the filament-heating current of a 
small Fleming valve by means of a suitable storage battery, 


* See The Alternating Current Transformer, J. A, Fleming, Vol. i., p. 585. 
(Benn Bros., 8, Bouverie Street, London, E.C.) 
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and let battery and valve be insulated from the earth. Connect 
across the terminals of an electrostatic voltmeter a condenser 
of a fraction (say 0-1) of a microfarad. Join one terminal of 
the alternator directly to one terminal of the voltmeter so 
shunted by a condenser. Connect the other terminal of the 
alternator to the negative terminal of the filament of the valve 
and the second terminal of the voltmeter to its plate (see 
Fig. 231). Then the voltmeter will read, after a few moments, 
the maximum value of the E.M.F. of the alternator. ; 

The condenser is merely to neutralise the effect of leakage 
in the voltmeter. 

If, then, we connect the voltmeter directly across the ter- 
minals of the alternator without the intervention of the valve, 


Fig. 231.—Arrangement for determination of the crest factor g or 
an alternating current by means of a rectifying valve. D, alter- 
nator, V, electrostatic voltmeter, C, condenser, K, switch, B, 
heating battery of rectifying valve. 
it will read the root-mean-square value of the E.M.F. The 
ratio of the second reading to the first gives us the amplitude 
factor, and its reciprocal is the crest factor. For this test it is 
only necessary to use a small valve with 4 to 6-volt filament. 
We can then proceed to deduce the form factor f of the alter- 
nating E.M.F. as follows. Put the electrostatic voltmeter 
having the condenser shunted across its terminals straight on 
to the terminals of the alternator, but interposing a hot wire 
ammeter so as to read the R.M.S. value of the current into the 
condenser. It may be necessary to employ a condenser of 1 or 
2 microfarads capacity or more, depending upon the H.M.F. 
and frequency of the alternator in order to obtain a sufficiently 
large condenser current to measure accurately. Let C be the 
capacity of the condenser and n the frequency of the alter- 
nator. Then, in each second a quantity of electricity equal to 
CY, is put into and taken out of the condenser 4n times where 
V, is the maximum value of the alternating voltage. 
The hot wire ammeter takes no account of direction of 
current flow, and hence the true mean current is 4nCV, 
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amperes if C is reckoned in farads and V, in volts. The true ze 
mean current is equal to 1/f multiplied by the R.M.S. current 
denoted, say, by A. Also the maximum voltage is equal to 
I/g of the R.M.S. voltage denoted, say, by V.. Hence we have 


A V 
i) : g 
or Aas errs 
g 
Rey ‘ 
= I= Tin 


If, then, we measure the amplitude factor g, as above 
described, and also the ratio of A/V, or condenser current to 
condenser terminal potential difference, and know the fre- 
quency ”, we can determine the value of f. 

For a sine curve E.M.F. or wave f= 1-1. For a sharply- 
peaked curve, f is greater than 1-1. For a sine curve, g = 
1/\/2 =0-707, and f/g = 1-57 =7/2 nearly. If, then, we fine 
these last values for an alternator E.M.F. curve, it affords a 
presumption, but not a proof that the curve is a simple sine 
curve. . 

The reciprocal of g or 1/¢ is called the crest factor of the curve, — 
and is the number by which the R.M.S. value must be multi-- 
plied to give the maximum value. The power of an alternating 
voltage to break down insulation or inflict a shock is propor- 
tional to its maximum value during the phase, and is therefore _ _ 
determined by the product of the R.M.S. or voltmeter reading 
multiplied by the crest factor. Hence the importance of a 
knowledge of this factor for every alternator curve. The best 
conditions to be fulfilled in the use of the valve for the above 
test have been considered by Mr. C. C. Paterson and Dr. 
Norman Campbell (see Phil. Mag., vol. xxxvii., 1919). 

The thermionic valve can also be employed as a means of 
measuring capacity, and therefore dielectric constants in the 
following manner devised by the author. | 

If we take an ordinary three-electrode valve and connect 
the grid with the positive terminal of the filament through a 
sensitive microammeter, we find a steady current flowing 
through the instrument which is the ordinary Edison effect 
current. If, then, the plate and the filament are connected bya 
wire, in which the very feeblest high-frequency electromotive 
force is created, the thermionic current indicated by the — 
microammeter will immediately be decreased perhaps even to 
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zero. This fact enables the valve to be used as a very sensitive 
detector of equality of potential between two points on a 
Wheatstone’s Bridge circuit, which is fed with high-frequency 
currents. 

Suppose then, that four condensers are connected up in 
quadrilateral (see Fig. 232) in Wheatstone’s Bridge fashion. 
Let two of three condensers be variable air condensers, viz., 
C;, Cz and C3, and let C be a fourth condenser, the capacity of 
which has to be measured. 

Let high-frequency electric current be supplied from a 
distant thermionic valve oscillator to the points a and b of the 


Fia. 232.—Use of the Three-electrode Valve as an appliance determining 
the equality of High-frequency Potential between two points. (Fleming. ) 


bridge, and let the capacities C, and C, be made equal. Let 
the grid and filament of a detector valve, used as above 
described, be connected to the points ¢andd. Then if Oy is 
adjusted to be equal to C, it follows that the points c and d will 
be at the same potential and the thermionic current of the 
detector valve will not be decreased. If, however, C is varied 
in capacity, then Cz will have to be equally changed to keep 
the potentials at c and d equal. 

We can employ this method to measure the dielectric con- 
stant of a liquid. Let there be a condenser formed of two 
concentric or coaxial metal tubes, and let these be placed in a 
glass or ebonite cylindrical vessel. Let the capacity of this - 
concentric tube condenser be first measured as above described, 
with air as the dielectric. Then let the interspace be filled with 
any liquid dielectric, such as petroleum, turpentine, olive oil, 
_ etc., and the capacity measured again. The ratio of the 


“ 
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second capacity to the first gives the dielectric constant of 
the liquid: 


The author measured in the above manner the dielectric 


* constants of turpentine, benzene, and transformer oil, and 


found respectively, 2-65, 2-35 and 2-29 as the dielectric con- 
stants at a frequency of 50,000. When measured at a fre- 
quency of 100, the D.C. were 2-56, 2-29, 2-35, which within 
limits of errors of experiment are practically the same. 

Another method has been described by Mr. P. A. Cooper (see 
Nature, June 24th, 1922, p. 814). 


—S— 
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Fig, 233.—An Arrangement with Two Valves for determining Dielectric 
Constants. (P. A. Cooper.) 


In it two three-electrode valves are used with filaments 
heated in series by a single battery. Each valve has its grid 
and plate circuit coupled to produce oscillations as in Fig. 233. 
The H.T. battery is in a common branch. The condenser is 
placed in the grid circuit of one valve and in the plate circuit 
of the other, and the latter capacity consists of two condensers 
in parallel, in one of which the dielectric can be varied, the 
other being a variable air condenser. The two frequencies 
are adjusted to be equal as shown by the absence of “ beat ” 
sounds in the telephone. 

Then if the dielectric of one condenser is changed, the 
capacity of the air condenser in parallel with it must be 
reduced by an amount just equal to the increase to keep the 
frequency constant, as shown by the “ beats” being still 
absent. The details of the connections will easily be under- 
stood from the diagram in Fig. 233. 


CHAPTER IX. 
THERMIONIC REPEATERS AND RELAYS. 


1. The Thermionic Repeater—The hard three-electrode 
thermionic tube has not only given us a radiotelegraphic 
detector of extraordinary sensitivity and an_ oscillation 
generator of remarkable properties, but has provided a tele- 
phone relay or repeater which has rendered all other types 
previously invented antiquated. In telegraphy an appliance 
which is operated by the variations of a feeble electric current 
and in turn varies the outgoing current from a local battery in 
the same manner is generally called a relay. 

As soon as telephony became a practicable achievement, 
inventors sought eagerly for some device which should act 
in a similar way as a relay for telephone currents, and so 
retransmit into a second line, with magnified strength or 
additional energy, the speech currents arriving from a first line. 
Since these currents vary continuously and in a highly 
irregular manner, the problem of inventing a telephonic relay 
which should accurately retransmit speech was a far more 
difficult matter than the invention of,a telegraphic relay which 
had merely to re-enforce currents either simply put on or off, 
or else merely reversed in direction. | 

It is not necessary to describe the various attempts to 
invent a perfect speech relay or repeater for telephone lines. 
Suffice it to say that all prior types, which depended upon 
microphonic contacts, either required very delicate adjustments 
or else failed to give good speech transmission. In such a 
relay three qualities are necessary to give satisfactory results : 

First, the repeater must be free from moving parts which 
have inertia, and electrical circuits which have inductance, 
or else it cannot respond properly to the high-frequency 
harmonics in the speech currents which give quality and 
intelligibility to the sound. 

Secondly, the relay must not require adjustment, or frequent 
adjustment, by set screws or levelling or have a tendency to 
be put out of order easily by vibration or other causes. 
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Thirdly, it must be simple in construction and non-costly, 
and able to be put in the hands of persons without very great 
technical knowledge, and it must have considerable, or at 
least sufficient, amplifying power to make it worth while to 
use it. 

As soon as the three-electrode hard valve was introduced 
and perfected for wireless telegraphy as an amplifier, it became 
evident that it possessed just the above-named qualities 
required in a telephone repeater, and attempts were therefore 
made to employ it for this purpose. 

It was not, however, until the construction of the hard 
valve was perfected that any real success with it as a telephone 
repeater was obtained. The reader may be referred to the 
author’s book Propagation of Electric Currents in Telephone and 
Telegraph Conductors, 3rd ed. (Constable & Co.), Chapter IV., 
for an account of the conditions and methods under which 
telephonic speech transmission can be improved through 
aerial lines and cables. Suffice it to say here that telephonic 
engineers are in the habit of referring to a certain type of 
cable as “the standard cable,’ and make comparisons as to 
efficiency in speech transmission through other lines by stating 
the number of miles of standard cable (M.S.C.) to which these - 
lines are equal in their speech transmittmg powers. In the 
case of the ordinary magneto or Bell telephone receiver, and 
a good carbon granule microphone transmitter, the practical 
limit of speech is through forty miles of standard cable. 

Up to thirty-five miles the speech is good, and up to twenty- 
five miles very good. 

The quality of the cable on which this speech transmission 
depends is its attenuation constant multiplied by its length in 
miles giving the so-called attenuation length of the cable. 

If the attenuation length numerically exceeds about 4-5 
telephonic speech is not practicable. | 

The effect of a repeater inserted in a telephone line must 
therefore be to reduce its attenuation length, or equivalent 
miles of standard cable, if the repeater is to be any use. 

We can always reduce the attenuation length of a telephonic 
line or cable as much as we please if we choose to put sufficient 
copper into it to reduce sufficiently the resistance of the 
conductor. This, however, involves expense, and as there 
is a general tendency tor the price of metals, such as copper 
or aluminium, which alone can be used for conductors, to 
rise In price we may say that the cost of good telephonic 
speech for a given distance is always increasing, whilst the 
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public demand for increased facilities and longer range of 
telephonic speech is always also augmenting. 

Hence, two causes have led to greater attention to the 
telephone repeater problem: (1) the desire to increase the 
range of telephony, and (2) the necessity for economy in the 
use of materials required to give the necessary small attenua- 
tion to the line. 

In long trunk lines there has also to be a large allowance 
for the attenuation caused by exchange and_ subscribers’ 
lmes and connections, and hence the trunk line equivalence 
has to be kept down to fifteen or twenty miles of standard 
cable to give the required margin. 

Generally speaking, this means a very heavy outlay in 
copper for long trunk lines, especially as no trunk line of 
great length retains for a long time its pristine speech-trans- 
mitting powers for several reasons. Thus, the original 
London to Glasgow trunk telephone line is a double metallic 
circuit, each wire of which is of hard drawn copper weighing 
800 Ibs. to the mile. Hence, in the 420 miles length of this 
line there are at least 672,000 Ibs., or about 300 tons of copper, 
and the cost of mere metal was in all probability not far from 
£30,000. 

It is clear, then, that any form of repeater which will enable 
us to economise to any sensible extent in copper must be of 
great value. Moreover, a practical telephone relay enables 
distances to be covered telephonically which would be quite 
impossible without its assistance. Thus, the longest aerial 
telephone line in the world is the New York to San Francisco 
line, 3,400 miles in length. This line consists of a double 
pair of metallic circuits in each of which copper conductors 
weighing 435 lbs. to the mile, or 870 lbs. per mile run of track, 
are employed. There is, therefore, about 6,000,000 Ibs. of 
copper, or nearly 3,000 tons, valued roughly at about £300,000, 
used in this line construction. 

But even this expenditure in copper would not enable 
telephonic speech to be effected over the whole distance without 
the use of repeaters. The line itself is equivalent to fifty-six 
miles of standard cable and the terminal apparatus adds 
seven miles, making sixty-three miles in all. This takes us 
far beyond possible good speech transmission limits. 

The introduction of repeaters at intervals has, however, 
reduced the total equivalence to twenty-one miles of standard 
cable, and enables good speech to be transmitted. 

It is not necessary here to enter into any discussion of the 
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improvements in telephony which have taken place in conse- 
quence of the introduction of dry paper insulation, or dry 
core multiple twin conductor, or by the employment of loaded 
and phantomised cables. These subjects are all fully treated 
in the author’s book on The Propagation of Electric Currents 
in Telephone and Telegraph Conductors, above mentioned. 

We shall here simply consider the important application 
of the thermionic valve as a telephone relay and repeater. 

Assume, then, that a three-electrode thermionic tube has 
the secondary circuit of an induction coil (No. 1) connected 
to its grid and filament, and also the primary circuit of an 
induction coil (No. 2) connected to its plate and filament, 
a suitable plate battery being put in the circuit. 

If, then, telephone lines are connected to the primary coil 
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i . Fic. 234.—A Three-electrode Valve with Associated Transformers, 


i T, and T., performing the function of a telephone relay. 


6 CELLS 


i of No. 1 transformer, and to the secondary coil of No. 2 


, ! transformer, the thermionic tube and its two transformers 
| perform the function of an amplifying transformer in one 
| direction. | 


For the speech currents arriving at No. | transformer vary 
the potential of the grid, and this varies the plate or primary 
j current of No. 2 transformer, and in virtue of the operation 
| of the tube there is an amplification of power (see Fig. 234). 
| | In order that this arrangement may transmit speech perfectly 
| from one line to the other, it is necessary to work on the flat 
part of the characteristic curve of the valve. Under these 
conditions, the wave form of the variations of grid potential is 
accurately reproduced in the wave form of the variations of 
plate current, because di,/dvy is constant, and therefore 2, 
} Varies aS Uy. 

If we do not limit our working to the flat part of the curve, 
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then the outgoing current is not an exact copy, as regards 
wave form, of the incoming current, and hence there is some 
degree of distortion. We may employ an incoming transformer 
with any reasonable degree of voltage transformation, say, 
I to 10 or 1 to 25, and thus step up the voltage of the arriving 
current so as to vary the grid potential as much as is necessary. 
The thermionic tube draws power from its plate battery, and 
retransmits the speech waves unaltered in shape, but amplified 
and with increased energy or loudness. 

Kven if we arrange the apparatus to do this, yet the appliance 
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Fig. 235.—Kdison Circuit for Telephonic Repeating. 


as above described labours under the disadvantage that it can 
only operate in one direction. 

But a telephone line as used for speech transmission must 
operate in both directions, and therefore the first problem to 
be considered is that of making the thermionic repeater 
operative as an amplifier in both directions. 

One method of duplexing the thermionic amplifier, but 
which has certain limitations to its use, is to employ a circuit 
devised by Edison many years ago for a similar purpose. 

Let there be a telephone line (see Fig. 235) in which is 
inserted a section coupled at both ends by induction coils, 
f, and T’,, with the rest of the telephone line. In this isolated 
section of the line there is a slide wire resistance, R, having a 
sliding contact, b, on it placed on one side of the section, and 
on the other side the primary coils of two transformers, 7's, 7’, 
joined in series. Wires are taken from the slider and from 
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the middle junction of the two transformer coils to the ends of. 
a third transformer, 7’,, the secondary circuit of which is con- 
nected through a plate battery, B,, with the plate and the 
filament, F, of a thermionic tube, V. The grid and filament 
are connected with the outer ends of the two secondary circuits 
of the transformers 7, and 7. ee 
If, then, telephone currents arrive, say, from the west side, 
théy cause induced currents to circulate round the middle 
section, and these passing through the primaries of the trans- 
formers 7, and 7, induce electromotive forces in the secon- 
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daries, which fluctuate the grid potential. The result is to 
produce variations of plate current which are transformed into — 
other currents by the transformer 7, and these arrive back 
on the middle section, and then pass in opposite directions 

_ through the primaries of the transformers 73, 7, and therefore 
do not react on the grid so as to set up self-sustamed oscillations 
in the valve circuits. It will be seen, however, that the exact 
division of the returning plate current between the two 
primaries of the transformers 7, and T, depends on the 
equality of impedance of the two sections of the line east and 
“west of the telephone repeater. In other words, the success _ 
of the arrangement depends on the repeater being in the 
electrical centre of the telephone line. 
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Subject, however, to this being the case, the arrangement 
repeats in both directions with equal facility and amplification, 
because of its perfect symmetry. 

Tt amplifies in a ratio depending on the construction of the 
valve, and essentially upon the steepness of the characteristic 
curve at the central or flat portion. 

This is easily seen from the diagram in Fig. 236. Let AB be 
a part of the characteristic curve at which we are working. 
Then corresponding to a certain grid voltage there is a certain 
plate current. Let the grid voltage be varied according to a 
sine curve law between the limits of amplitude, OP,OQ. Then 
the plate current will be varied between limits of amplitude 
MW and MN, and the plate current will also vary exactly in 
accordance with a single sine law. 

But by Fourier’s theorem any single-valued periodic curve 
may be analysed into the sum of a number of simple sine 
_ curves of wave lengths 1, 4, 4, etc., of certain relative amplitude 
and relative phase or displacement. Hence it follows that 
whatever may be the wave form of the grid potential variation, 
it will be exactly reproduced as regards the wave form in the 
current variation, because each harmonic constituent is so 
reproduced. 

It is clear that the ratio of amplitude of variation of plate 
current to that of amplitude of grid potential, depends upon 
the tangent of the angle of the slope of the characteristic curve. 
If it were possible to obtain a thermionic repeater with a 
perfectly straight line characteristic over the whole range of 
amplitude of the grid potential variations, we should have a 
perfectly distortionless amplifier, and if the characteristic 
could be made steep enough, its amplification might be as large 
as we please. 

These conditions in. practice can only be approximately 
realised, but in general the amplification required can be 
obtained without the necessity of using valves in cascade as in 
radiotelegraphic receivers. 

2. The Edison Circuit for Repeaters.—Returning, then, to 
the consideration of the Edison circuit, as shown in Fig. 235, 
we see that if the lines east and west of the repeater are 
dissimilar in impedance, the plate current which is returned 
back to the middle points of the intermediate section will not 
be equally divided between the primaries of the two trans- 
formers 73, 7,. Hence a resultant secondary electromotive 
force is set up which acts on the grid and varies its potential, 
and this again reacts on the plate current. Therefore the 
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valve sets up oscillations on its own account, and the result 

is to produce in the receiving telephones at the ends of the 

incoming and outgoing lines a continuous sound or “ howl ” 

which obliterates speech. 

If this out-of-balance is only small, it can be compensated 
by shunting the grid circuit by a high resistance or small 
capacity, but this reduces the efficiency of the amplifier. — 

Other limitations to the employment of this simple repeater 
and Edison circuit are: 

(a) That the lines east and west of the repeater must be so 
long that they are practically infinite, viz., not less than equal 
to 15 miles of standard cable. If this is not the case, then — 
reflected waves of current set up by reflections at the far 
ends and by the out-of-balance currents will be created in 


Fra. 237.—Van Kesteren Circuit for Two-way Telephony with One-way 
Repeaters. 


the repeater circuits producing howling or else indistinct 
articulation. 

(b) Simple repeaters cannot be used in series, unless the 
electrical length of the section of line between the adjacent 
repeaters 1s greater than the improvement effected by any one 
repeater. If this is not the case, the repeaters will act on each 
other by reflected waves of current. These limitations have 
required considerable ingenuity to overcome them. 

In the following explanations we shall draw very freely on 
an excellent paper by Mr. A. B. Hart, read to the Institution of 
Post Office Engineers, on November 22nd, 1918 (London 
section). 7 

One method by which certain difficulties can be avoided 
is by the use of a four-wire circuit, due to a Dutch engineer, 
Mr. Van Kesteren, the arrangements of which are shown in 
Fig. 237. In this scheme the corresponding subscribers or 
speakers have their telephones connected through transformers, 
T, and 7’,, with the ends of a double line. 

In this complete circuit thermionic repeater amplifiers, A 


> 
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are placed, all facing one way round the circuit. Hence, if 
subscriber S, speaks to S, the current Jgoes round the upper 
line, and if subscriber S, speaks back the currents go by the 
lower line. The repeaters, therefore, act as one-way amplifiers. 
They are spaced along the looped circuit at distances depending 
upon the efficiency of the conductor, and no matter what the 
gauge or length of the conductor we can amplify the speech 
sounds as required to neutralise the attenuation of the con- 
ductor. Hence, by this plan long trunk telephone lines, 
instead of being erected with heavy copper conductors weighing 
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Hie. 238.—Scheme of Circuits for Duplex Telephonic Repeating 
by Thermionic Valves. A,, A», denote artificial balancing lines. 


400 to 800 lbs. per mile, might consist of 20-lb. cable with 
repeater amplifiers every fifty miles. 

Although the above method is quite possible, yet the actual 
problem is to improve the telephonic speech along existing 
two-wire circuits in which the repeaters cannot be placed in 
the electrical centre of the line. 

A practical solution of the difficulty has, however, been 
found in the use of the double repeaters with artificial line 
balances, as shown in Fig. 238. | 

The through telephone trunk line is cut at any place, and 
an Edison circuit inserted at the cut ends. Each right and 
left section of the line is then balanced against a suitable 
length of artificial, cable built up of capacities and inductive 
resistances to exactly imitate the part of the real trunk line 
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it balances, in impedance and attenuation. Each Edison 
circuit is provided with its own thermionic repeater arranged 
as in the simple Edison circuit, but the plate circuits are 
crossed over, as shown in Fig. 238, so that the currents coming 
in, say, from the west line are amplified and retransmitted to 
the east line and wice versd. 

By this arrangement the repeater station can be placed 
anywhere in the main line. 

The application of this method is, however, not very easy, 
as careful experiments and some difficult calculations are 
necessary to determine the capacity, inductance, and resistance 
of the balancing line, and these circuits are complicated and 
expensive. They consist of little inductive resistances joined 


L.R L.R L.R 


Fic. 239.—An Artificial Telephone Line comprising Inductive Resistances, - 
Lk, in series, and Condensers, C, in shunt. 


in series to represent the line with small condensers bridged 
across to represent its capacity (see Fig. 239). 

The mode of calculating the elements for any required line 
is given in Professor A. E. Kennelly’s book, Artificial Electric 
Tines, their Theory, Mode of Construction. and Uses (Hill 
Publishing Company, 6-8, Bouverie Street, London, E.C.). 

The impedance of a telephone line is a function of the 
frequency, and decreases as the frequency increases. 

In the paper by Mr. A. B. Hart, above mentioned, he 
expresses the opinion that telephone repeaters cannot be 
worked at their maximum efficiency on existing telephone 
trunk lines, but that some modifications of these will be 
necessary to make them suitable for repeater working. 

He thinks that it will be practicable to standardise only 
one size of conductor, say, a No. 17 8.W.G. weighing 50 Ibs. 
per mile for trunk repeater working. 

It will be essential to maintain a high overall insulation 
resistance of not less than 10,000 megohms per mile. These 
small gauge trunks will be coil-loaded cables.t 

1 For full explanation of this term the reader is referred to the author’s 


book, Propagation of Electric Currents in Telephone and Telegraph Con- 
ductors, 3rd Edition. (Constable & Co., London.) fe 
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3. Various Types of Thermionic Repeater.—The type of 
thermionic amplifier used in telephone work is a hard or high 
vacuum three-electrode valve with a filament of drawn 
tungsten wire, surrounded by a grid or spiral of nickel wire, 
or it may be a metal gauze cylinder, and this again surrounded 
by a plate in the form of a 
metallic cylinder. 

In early work the British 
General Post Office employed 
an amplifier with a “plate” 
formed of a spiral, the wire 
forming the spiral being itself 
coiled with a closely wound 
spiral. There seems, however, 
to be no special advantage in 
this. The function of the plate 
is to collect all the electrons 
which come through the grid, 
and therefore a solid plate or 
cylinder made of sheet metal is 
better than an open spiral. The | 
type of thermionic amplifier _ 
now used in Great Britain is of 
the R-valve type (see Fig. 240), 
but the pin terminals are often 
replaced by strips of metal 
which fit into screw terminals 


and make better contact than G.U.B. Valve. 
fiespins.*'This is essential-for [{eo ee aes eee 
telephone work as well as the Fic. 240.—Type of Three-elec- 

; : trode Thermionic Valve used by 
Pen Beeston of all P arts the British Post Office as a 
of the amp fier. Thermionic Repeater. 


Each thermionic amplifier is 
tested for characteristic curve to ascertain the numerical value 
of dv,/di,, or ratio of increment of grid voltage to increment 
of plate current with constant plate voltage. This is of the 
dimensions of a resistance, and may be expressed in ohms. 
We also require the internal impedance, or numerical value 
of dv,/di,, which is the ratio of the increment of plate current 
to increment of plate voltage with constant grid voltage. 

This is obtained by plotting a number of characteristics 
for various plate voltages, as in Fig. 138, Chapter V. 

Thus, at a grid voltage of —4 volts the plate current 
increases by 1 milliampere for an increment of about 25 volts 
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in the plate voltage. Hence, the internal impedance, R;, is 
25,000 ohms at this grid voltage of — 4. ist 

Referring to the diagram in Fig. 234 of the simple amplifier 
with its two transformers, No. 1 in the grid circuit and No. 2 
in the plate circuit. Let the first transformer step up voltage 
in the ratio of 1: 7,, and the second in the ratio of 1 : Ls: 

We may regard the whole arrangement of input trans- 
former, thermionic amplifier and output transformer as an — 
arrangement for stepping-up or amplifying voltage and 
power. 

It has been proved in Chapter IV. by equation (67) derived 
from Latour’s fundamental equations that the output of 
power from the amplifier given to an external circuit of 
impedance, R, is 

Rk 
oe (R; + RP (€q)? : . : . (1) 
where &; is the internal impedance of the valve, k the amplifica- 
tion factor, and (e,) the alternating part of the grid potential. 

It is easily seen that W is a maximum when R = R,. 

Hence, assuming that condition fulfilled, we have 
I2 
W = 4R;, (ez) 4 A - 2 (2) 


The alternating voltage, ¢,, applied to the grid is T, times 
greater than the voltage which exists on the primary or line 
side of the input transformer. 

If, then, the telephone line on the input side has a character- 
istic impedance Z, the power supplied to the primary of the 
input transformer will be nearly equal to the square of the 
voltage at that point divided by the line impedance Z,. 

Hence, the power w supplied to the grid-filament circuit of — 
the amplifier is nearly expressed by 


When using the repeater with the Edison circuit, as above 


described, only half the output power is utilised, Hence, 
we have from (1) 


Wars (Gs)? thai ere 


The magnification, M, is therefore given by the ratio, 
W on TA eZ . 
Taint aar aod Ale sia raoh (5) 


“ 
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In the case of a standard telephone cable the voltage at a 
distance / miles along the cable is e- of the voltage at the 
sending end where « is the attenuation constant, which is 
nearly 0-1 per mile, and ¢ is the base of Napierian logarithms. 
Hence, the power at / miles is-<-°” of that at the origin. I, 
then, the repeater magnifies power in the ratio 1: M, we may 
say that M =e”, and the repeater is equal to a gain of 
/ miles of standard cable. Hence, 

1=5 log, M 
Se LE Om des Ae os Men Gee (GQ) 

Thus in the case of a certain valve the characteristics 
showed that the value of di-/dv- corresponding to a constant 
plate voltage of 210 volts was 1 milliampere per 2-4 volts, or 
nearly 0-00042. This is the quantity already denoted in 
previous equations by a. Its reciprocal is 2,400 ohms. 
Also, for the same valve we have R; = 25,000 ohms. 

If we suppose the incoming.telephone line to be an aerial 
copper double metallic wire line, then the impedance, Z,, 
might be 800 ohms, neglecting the phase angle. Suppose the 
transformation ratio, 7',, of the transformer to be 40. Then, 
since k = a/b = aR; = 25,000/2,400 = 10 nearly, we have 
k? = 100, T,? = 1,600, Z = 800, 8R; = 200,000, and therefore 
we have M = 640. 

The “improvement” due to the amplifier in miles of 
standard cable would then be / = 11-5 log,, 640 = 32-2 miles. 

We have then to find the transformation ratio of the trans- 
former on the output side. Let Z, be the line impedance 
neglecting phase angle. If the transformer changes voltage 
in the ratio of 1: V, then V?/Z, is the power given to the line, 
and 1/R, where R is the impedance on the primary side of the 
transformer, is the power given to the transformer. But for 
maximum output of the amplifier we have seen that R = R;, 
and therefore if ky is the transformation ratio k,2 = Z,/R;. 

Let the outgoing line be similar to the incoming line, and 
have an impedance of 800 ohms, then we have k, = / Z,/|V Ri= 
_ 9/50 = 0-18 nearly. In other words, the transformer No. 2 
must step down reducing voltage in about the ratio of 50 : 9 
GreD': 1. 

Although we can in this manner predetermine the best 
transformation ratio for the transformer in the plate circuit, 
we cannot so easily determine the best transformation ratio for 
the transformer in the grid circuit. This is because the space 
between grid and filament has a practically infinite resistance. 
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In their paper on this subject Messrs. C. Robinson and R. M. 
Chamney have given an indirect method of arriving at it. 

For the type of hard valve used as amplifier, 7’, is taken as 
about 32 in practice. In other words, the grid transformer 
steps up voltage in the ratio of 1 : 32 or so. 

Assuming that the repeater is placed at a distande of about 
twenty miles of standard cable (S8.C.) from the transmitter, 
the R.M.S. value of the voltage at the entrance of the line 
into the grid transformer will be about 0-25 volt. 


Fic. 241.—View of the Thermionic Repeater as used by the 
British Post Office. 


It is necessary to transform this up to about 15 to 20 volts, 
so as to give a range of grid potential variation, which, whilst 
remaining on the flat part of the characteristic curve, will be 
sufficiently large to cause the plate current to fluctuate through 
a sufficient range, viz., by about 6 to 8 milliamperes. | 

The useful range of grid potential variation extends from 
about zero or + 4 volts down to — v,/k volts, where vp is the 
plate voltage and & the amplification factor. 

The grid transformer must therefore step up voltage. 
Since the resistance between grid and filament is very large 
this transformer practically works on open circuit. It is 

1 See Proceedings of the Institution of Post Office Electrical Engineers, 
No. 76.: Paper read February 12th, 1917, on “ Gas Discharge Telephone 


Relays and their Application to Commercial Circuits,” also “‘ Technical 
Developments of Telephonic Repeaters since 1917.” 
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therefore very necessary to guard against capacity in the 
high-voltage windings. 

The grid and also the plate circuit transformers are now 
made with closed iron circuits of the shell type, built up of 
E-shaped stampings of stalloy sheet, which is a type of mild 
steel having very small magnetic hysteresis loss. 

The plate circuit transformer is a step-down transformer, 
generally speaking, and transforms from a high to lower 
voltage, about in the ratio of 10:1 or 5:1. : 

The transformers are generally enclosed in a box, on the 
outside of which the amplifier, rheostats, switches and ter- 
minals are mounted. 

Messrs. C. Robinson and R. M. Chamney (loc. cit.) give the 
following details of the windings of typical repeater trans- 
formers for use with hard valves :— 


No. of turns and sizes of wires. 
Input transformer. Output transformer. 
Type of line. 
Line side. | Relay side. Line side. Relay side. 
Turns. |S.W.G.| Turns. JS.W.G.} Turns. ap Turns. |S.W.G. 


Loaded under- 
ground or aeria! 


iaeates | 760 X41: 34 116,000'). 36 3,000 | 38 | 50,000 | 33 
Unloaded under- 
ground. . . |600x4] 30 | 16,000 36 | 2,000 | 38 | 50,000 | 33 
Unloaded phantom 


underground . |300x4] 24 | 16,000} 36 | 2,000 | 38 50,000 | 33 


The general appearance of the whole repeater apparatus 
as now used in the British Post Office Engineering Department 
is shown in Fig. 241, and the interior construction is as shown 
in Hig. 242. The batteries required for grid potential (0 to -20 
volt), filament (8 volts), and plate potential (100 to 200 volts) 
are placed in a separate box. 

The amplifiers have a life of about 1,000 to 2,000 hours or 
more, like a good incandescent lamp. 

In the case of the input transformer, since the current taken 
out on the grid side is practically zero, we can calculate the 
transformation ratio from the formula 


Mead D 
V R2 + pL? 


gat: Foe ae ee 
3 AO Se 
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where M is the mutual inductance of the two windings, 
L the inductance of the primary or line side winding, and 


REAR VIEW. 
Fic. 242.—Post Office Thermionic Repeater Unit with Cover removed. 


R its effective resistance, whilst p = 27 times the frequency. 
T, increases with p. 

As the voltage available on the line side of the input trans- 
former does not much exceed 0-25 volt generally, and as the 
power available is also very small, say a few microwatts, it 
is necessary to take great care in the construction of these 
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transformers, to employ very thin sheets of non-hysteretic 
steel in making the core so as to avoid eddy current and 
hysteretic losses. 3 

4. Repeater Circuits.—Returning then to the consideration 
of the circuits used, we have explained the construction of 
the simple two-way Edison circuit, which is called a simple 
tepeater. This is quite effective when placed in or near the 
electrical centre of a line or between two sections which have 
the same line impedance and a greater equivalent length than 


Fra. 243.—Thermionic Telephone Repeater with oxide-coated filament 
as made by the Western Electric Company, U.S.A. 


about fifteen to twenty miles of standard cable. If, however, 
such repeaters are worked in series, it gives rise to difficulties, 
If there are two repeaters, say P and Q, placed in a line, AB, 
and if speech currents are sent from A to P, then they are 
magnified and half the magnified current passes on to repeater 
@. There it is again magnified, and half the magnified current 
passes back to P. Hence, the repeaters react on each other 
unless the line between them is so long that the normal 
attenuation of the line is greater than the magnification of 
the repeater expressed in the same units, viz., miles of 
standard cable. 
TV. co 
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If, however, this distance is greater than fifteen to twenty 
M.S.C. no difficulty ensues. 

The simple repeater is easy to adjust and does not require 
much expensive apparatus, and it is possible to transmit 
magneto-bell call signals through it as well as speech currents. 

It is, however, difficult to obtain a balance at places near 
the junction of two lines of different characteristic impedance. 

The arrangements of the double repeater have also been 
explained. This is more complicated, and requires the addition 
of two artificial lines as well as two valves, but it can be 
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| Fic. 244.—Duplex Edison Circuit for telephonic repetition in both 
directions. 


employed in series and used at any point in a compound line. 
| One disadvantage is that the magneto bell signals cannot be 
i transmitted unless additional relays are used. 

i The calculations to predetermine the balancing or artificial 
line constants are rather troublesome, but as they do not 
concern the subject of this book the reader may be referred 
to Appendix III. of the paper by Messrs. Robinson and 
Chamney for information on them. 

In the United States the thermionic repeater most generally 
used is the three-electrode valve, made with an oxide-coated 
metallic filament, as described in Chapter III. (see Fig. 243). 
This is employed with associated circuits so as to give a 
repeater gain from ten to twenty-five miles of standard cable 
(see Fig. 244). 

These repeaters and transformer circuits are built up into 
| panels so that each line has one or more repeaters in parallel 
, or capable of being switched in as required. Such a plant 1s 
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Fig. 245.—Telephone Repeater Station showing part of a panel 
equipped with Thermionic Repeaters by the Western Electric 
Company. 


called a repeater station (see Fig. 245). These repeater stations 
effect an immense economy of copper in long trunk telephone 
lines. | 
Thus, for instance, the British Post Office not long ago 
completed the underground telephone trunk lines, London to 
002 
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Manchester (183 miles). These are run with copper wires, — 
40 lbs. to the mile, with repeater stations at intervals. If 
the line had been an aerial line without repeaters it would have 


Fie. 246.—Lower part of a valve characteristic curve. 


been necessary to employ conductors weighing 300 lbs. to 
the mile for equal speech efficiency. 

Hence, the introduction of the thermionic repeater has 
rendered possible an immense extension of the practical 
range of commercial telephony. 
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5. Modulating and De-modulating Valves in Carrier Wave 
Telephony.—Another application of the thermionic valve of 
great importance in modern telephony is its use as a modulator 
to enable multiplex telephony to be accomplished, viz., the 
transmission along one single line of several simultaneous 
telephonic conversations. In the telephone repeater already 
described we make use of the straight part of the grid voltage- 
plate current characteristic to amplify speech currents. 

In multiplex telephony we make an application of the 
lower curved or non-linear part of the same characteristic. 


OUTPUT CURRENT 


PLATE CURRENT 


GRID VOLTAGE 


——- INPUT VOLTAGE 


Fic. 247.—A Diagram showing the manner in which a Low-frequency 
Oscillation may have superimposed on it a High-frequency Oscilla- 
tion for application to the Grid of a Thermionic Valve. 


To explain this let us consider in the first place the effect 

» on the plate current of a valve if we increase the grid voltage 

~ by equal small increments applied at various points on the 
characteristic curve. 

In Fig. 246 the curve represents the lower part of the 
characteristic, and oa, 0’a’, oa" are equal increments of grid 
voltage applied at various points. It will be seen that where 
the curve is steep the corresponding increment of plate current 
is larger than at the points the curve is less steep. 

Hence, if we apply to the grid a complex voltage variation 
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consisting of a low-frequency variation with a high-frequency 
variation superimposed on it, as in Fig. 246, the result will 
be to give us a plate current variation which is not a copy 
of the grid voltage variation, but is distorted or modulated. 

A thermionic valve used in this manner at the lower curved 
part of the characteristic is called a modulating valve. Suppose, 
then, that we apply to the grid a high-frequency (H.F.) 
voltage superimposed on a low-frequency (L.F.) voltage 
derived from a speech transmitter (see Fig. 247). 

The plate current, 2, is related to the grid voltage, v, in a 
parabolic manner, 

i=at bo ov’, 
where a, 6 and ¢ are certain valve parameters. 
If, then, v = E, sin pt + E, sin gt, where p/2z is a high 


LF, 
Fig. 248.—Arrangement of a Low-pass Filter. 


frequency, say 20,000 or more, and q/2z is a low frequency, 
say of audio-frequency, 1,000 or so, then substituting the value 
of v in the current equation, we have 
1=a-t bE, sin pt + bE, sin gt + cH? sin? pt + 

cH? sin? qt + 2cH,E, sin pt sin qt. 
But sin pt sin gt=4 cos (p — q)t —4 cos (p+ q)t, and 
sin? pt = $ — 4 cos 2pt. 

Hence, it is seen that in the expression for the plate current 
there are oscillations of six frequencies, viz., 2p, p, p— 4, 
p+q, q and 2q, each divided by 27. 

When a collection of currents of different frequencies are 
sent along a telephone line we can separate out these currents _ 
by means of devices called filters. ; 

A line filter is an artificial telephone line built up of inductive 
resistances and capacities arranged partly in series and partly 
in parallel. 

Thus, if the inductances are in series and the capacities in 
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parallel, as in Fig. 249, we have a line which is called a low- 

pass filter, because it allows currents of low frequency to pass, 

but offers very great attenuation to high-frequency currents. 
Tf the capacities are in series and the inductances in shunt, 
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Fig. 249.—Arrangement of a Low-pass Filter. 


as in Fig. 250, we have a high-pass filter which transmits 
high-frequency currents, but not low-frequency. 
If the shunts are capacity-inductance shunts, as in Fig. 251, 


aE 


HIGH-PASS FILTER 


TRANSMISSION 
EFFICIENCY 


FREQUENCY } 
Fic. 250.—Arrangement of a High-pass Filter. 


we can construct a so-called band-pass filter, which passes only 
currents of a certain range of frequency. 

Hence, if we interpose a properly designed filter in the 
circuit of the modulated plate current with its numerous 
component currents of different frequency, we can filter off 
all currents except those of the high-frequency p/27 and 
(p.+ 9)/2r. . 

The current of high-frequency, p/2z, is called the carrier 
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current, and the currents of low frequency, q/2z, are called the 
speech currents. We can then transmit the currents of high 
frequency, p/27 and (p + q)/27, along any ordinary telephone 
or telegraph line without interference with their ordinary 
use and prevent these H.F. currents passing into ordinary 
telephone and telegraph instruments on the line by the use 
of suitable filters. 

Then at the receiving end if we allow the H.F. currents of 
frequency p/2m and (p + q)/2a to act on the grid of a valve 
called a de-modulating valve, the result will be that in the 
plate current of that valve we shall have ‘components of 
frequency equal to the sum and difference, viz., (2p + q)/2x 
and q/27. But these last are the speech currents. Therefore 
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FREQUENCY 
Fie, 251.—Arrangement of a Band-pass filter, 


the de-modulating valve enables us to disentangle the currents 
of speech frequency from the complex high-frequency trans- 
mitted currents. 

It must be remembered that the speech currents are not 
confined to a single frequency, but include many frequencies 
between, say, 100 and 2,000, which covers the range of the 
ordinary speaking voice frequencies. 

Hence, currents of frequency (p + q)/2a comprise a certain 
band of frequencies resulting from the addition to the carrier 
frequency of all the speech frequencies. 

The great importance of the method is that by selecting 
several appropriate carrier frequencies, such that the respective 
bands of transmitted frequencies do not overlap, we can use 
a single line for the transmission of several distinct telephone 
conversations. We have then at the transmitting end a 
number of modulating valves each provided with an associated 
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Frq@. 252.—A scheme of circuits showin 
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de-modulating valves and filters, each of which has its own 
receiving telephone in its plate circuit. Each de-modulating 
valve and filter picks out and responds to the speech made 
to the corresponding transmitter. In this way five or six 
such pairs can be coupled for as many different simultaneous 
conversations. The whole complex group of high-frequency 
transmitted currents does not interfere with the ordinary 
use of the line. 

The diagram in Fig. 252 shows the general arrangement, not 
including any filters, for one such channel of communication 
by carrier wave telephony. As we are not here concerned 
with telephony especially, but only with the thermionic 
valve in relation thereto, we need not enter into further 
details except to give reference to one paper on the subject. 
by E. H. Colpitts and O. B. Blackwell, presented to the — 
American Institute of Electrical Engineers, February, 1921. 


CHAPTER X. 
THERMIONIC VALVE PLANT. 


1, Advantages of Continuous Wave Radiotelegraphy.—The 
progress that has been made of late years in the construction 
of large thermionic valves for the production of electric oscilla- 
tions and the advantages possessed by continuous waves, as 
compared with damped waves, for wireless telegraphy have 
rendered it now possible to equip radio stations of considerable 
power in which the thermionic valve is the means of wave 
generation as well as wave detection. 

In fact, valve generators are in some cases replacing arc — 
generators owing to the greater ease of management and 
superior steadiness of the former. The days of large spark 
transmitters are also numbered, even if those already in 
existence are not replaced, either by the more silent and 
convenient valve or the more efficient high-frequency alter- 
nators. These last have now been perfected to a point at 
which they seem likely to be the wave generator of the future 
for very long-distance radio stations, whilst the valve generator 
may command the position for stations of moderate range. 

For ship wireless the spark transmitter, working on a wave- 
length of 600 metres, is likely for some time to come to be 
the usual mode of working. 

Considerations relating to the safety of life at sea demand 
that every ship shall be able to receive and respond to every 
other ship immediately, and the spark transmitter for this 
purpose has unquestionable advantages in its simplicity, 
economy and absence of any very refined adjustments. The 
very fact that the tuning is not extremely sharp is an advantage 
in several ways. 

The standard practice in ship installations has so far been 
to put in the Marconi 1-5 kilowatt spark transmitter, the 
current being supplied to a rotary transformer from the ship’s 
lighting circuits, and this with the usual ship aerial has a 
working average range of some 200 or 300 miles over sea. 

As regards reception, it will be carried out in future by some 
simple type of valve detector, which requires less adjustment 
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than a crystal detector, and is more sensitive than a magnetic 
detector. | 

On the other hand, the continuous wave (C.W.) system of 
transmission is more efficient and has a greater range, and is 
more immune from interference. A 1-5 kilowatt C.W. trans- 
mitter has about double the working range of the equal 
power spark generator. A 3-kilowatt C.W. transmitter has 
a working range of 1,000 miles or so over sea. 

For most ship to ship and ship to shore communications 
this increase of range would be of little advantage, but in the 
case of the large Atlantic liners it has been found that a large 
amount of additional commercial traffic has resulted from the 
employment of valve transmitters owing to the power it 
gives to passengers to transact business between ship and 
mainland on either side throughout the Atlantic voyage. 
Thus, in the early part of 1920 the Marconi Company equipped 
some of the large Cunard liners, such as the Carmania, Imperator 
and Mauretania, with valve transmitters, enabling these vessels 
to keep in continuous touch with the British Admiralty 
wireless station at Aberdeen, or with the Canadian Govern- 
ment radio station at Barrington Passage, during the whole 
of the Atlantic voyage. 

The heavy commercial traffic which has resulted from the 
provision of these facilities has not interfered in any way with 
the work of other ships or coast stations. 

Hence, it is quite possible that in the future all large 
passenger ships will carry at least a 3-kilowatt valve generating 

lant. 

For ships of smaller size a combined spark and valve 
transmitter plant of about 1 kilowatt may be put in. Mean- 
while, an all-round increase in range has resulted from the 
replacement of the magnetic and crystal detectors, or even the 
two-electrode or Fleming valve, by modern types of hard and 
easily managed three-electrode valve cascade amplifiers and 
detectors. 

A three-valve receiver set, two to amplify and one to 
detect, with one of the amplifiers used as a radio- and the 
other as an audio-magnifier, forms a simple yet very effective 
receiving apparatus for spark or damped waves. 

It is easily transformed into a receiver, employing the 
“beat reception,’ when continuous waves have to be picked 
up. 

2. Portable Valve Receiving Sets.—The British Thomson- 
Houston Co., Ltd., have arranged a very portable valve 
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receiving set which contains a small frame aerial, and can be 
used for picking up signals from most of the large Continental 
stations, and particularly the Eiffel Tower time signals, at any 


Fic. 253.—The British Thomson-Houston Company’s Portable 
Valve Receiver. 


poit in England. This receiving set is contained in a single 
box (see Fig. 253). The receiving frame aerial consists of 
many turns of insulated wire wound on a frame surrounding 
the rest of the apparatus. The box can be placed on a pivot 
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So as to be swivelled round a vertical axis, and thus bring the 
plane of the receiving frame aerial into any azimuth. This 


aerial has an inductance of 22 millihenries. - 

In addition to the frame aerial the box contains two three = 
electrode valves, the necessary batteries, transformers, tuning 
condenser and head telephone receiver. } 


Across the ends of the frame aerial is placed an adjustable 
receiving condenser, which is divided into two parts so as to 
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Fig. 254.—Circuits of the British Thomson-Houston Portable 
Valve Receiver. 


give a large range of wavelength and enable the apparatus to 
receive up to 15,000-metre waves. 

Accumulators are contained in the box, which provide the 
| current for heating the filaments of the two valves, and a 
i separate 20-cell accumulator gives the necessary direct E.M.F. 
i of 40 volts in the plate circuits of the valves. 
} The first valve C has its grid connected through a shunted 
a stopping condenser H (see Fig. 254) with one terminal of the 
receiving condensers FG', and the other terminal of this last 
condenser is in connection with the filament circuits of both 
valves. The plate circuit of the first valve contains a retro- 
action coil M which can be more or less closely coupled to 
| the receiving coil A, and in this plate circuit is placed the 
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primary coil of an iron-cored transformer LZ and the plate 
battery K. 

This primary coil is shunted by a condenser 0. The 
secondary coil of the transformer L is connected to the grid 
and filament of the second valve D, and in the plate circuit 
of the latter is inserted the primary coil of a transformer Q 
to the secondary circuit of which is connected a head telephone 
T. The plate battery K provides direct current for the plate 
circuits of both valves. 

When it is desired to receive continuous waves from any 
station, the box is placed on the pivot and turned round until 
the plane of the frame aerial lies in the direction of the station 
to be received. If the wavelength of that station is known, 
the capacity of the condenser PG can be approximately 
adjusted to the wavelength. 

The retroactive coil M can be more or less closely coupled 
to the coil A, and when this coupling exceeds a certain 
amount the valve C’ will begin to create oscillations, and their 
frequency can be adjusted by altering the capacity of the 
condenser F'. These self-sustamed oscillations must be 
adjusted to have a frequency differmg by 500 to 1,000 from 
the frequency of the arriving continuous waves. 

The result is to produce “ beats”? which are amplified by 
the second valve D, and create a sustained shrill note in the 
telephone as long as the C.W. arrive. As, however, these 
C.W. are intermitted and cut up into Morse signals by the 
key at the sending station, these signals are heard in: the 
telephone. 

In the case of the reception of C.W. we can adjust the 
musical pitch of the sound heard by changing the capacity 
of the condenser F, which alters the heat frequency. The 
Same apparatus can be employed to receive signals from 
spark stations, provided the wave trains are not too short. 
In this case we make “ beats ” by setting the valve to oscillate, 
as with C.W. reception, but the sound heard in the telephone 
is a scratchy sound, and not the clear musical note obtained 
with continuous waves. 

This apparatus was primarily designed to enable any one 
without a fixed high aerial to pick up in England the time 
signals sent out from the Eiffel Tower station at Paris every 
day. For this purpose it is necessary to ascertain the compass- 
bearing of Paris relatively to the place of observation from 
a map, and then to so turn the frame aerial that its vertical 
plane lies in this direction. 
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A very little deviation from the right direction will weaken 
the signals sensibly. i eu 

When, however, the aerial is properly set the above- 
described operations enable the signals to be received whatever 
the type of the transmitter. 

3. Transmitting Valve Plant for Ships.—For practical ship 
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Fic. 255.—Marconi Company’s $-Kilowatt Wireless Telegraph 
and Telephone Apparatus. 
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work a more powerful generating plant is required. Marconi’s 
Wireless Telegraph Company has designed a $-kilowatt set 
which is available both for transmission as well as reception 
in wireless telegraphy and telephony, the telegraphy being 
conducted either with continuous waves created by a valve 
generator or with a so-called tonic train, which means con- 
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tinuous waves cut up into short trains by an interruptor so 
as to be detectable by all ordinary spark-system receivers. 

The whole apparatus is contained in a neat oak or teak 
cabinet about the size of a small yacht piano, 4 ft. high, 
2 ft. deep, and 4 ft. in width, with folding lid which forms a desk 
when open (see Figs. 255 and 256). The alternating current 
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Fig. 256.—A View of the Interior of the Marconi 3-Kilowatt Wireless 
Telegraph and Telephone Apparatus from the back, 


‘required is provided, at 85 volts and 150 cycles, by a rotary 
converter or motor generator wound on the direct-current side 
to suit the voltage of the ship’s lighting circuits. This alter- 
nating current is stepped down in voltage to supply the 
current required to incandesce the filaments of the valves 
used in the transmitter, and is also stepped up by another 
transformer to supply the high-voltage plate current for the 
plate circuits. 
Tvs DD 
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Fig. 257.—Scheme of Connections of the Marconi Company’s }-Kilowatt Plant. 
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A view of the apparatus from the back is shown in Fig. 256, 
and a scheme of connections in Fig. 257. 
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It will be seen that the transmitter comprises two three- 
electrode valves used as generators, and a single two-electrode 
or Fleming valve used to rectify the high-tension alternating 
current to supply the direct current required for the plate 
circuits. 

When used for wireless telephony or tonic train working, 
one of the three-electrode valves forms the control and the 
other the power valve. 

On looking at the diagram of connections it will be seen that 
there are two small iron-cored transformers which step down 
the alternating voltage from 85 to 10 volts to heat the filaments 
of the valves, and also another transformer which steps up 
the voltage to 5,000 volts. This high-tension current is then 
rectified by the Fleming valve on the extreme right in Fig. 257, 
and passes through a choking coil sandwiched in between two 
condensers called smoothing condensers. The object of this 
coil and condensers is to convert the waves of rectified alter- 
nating current into a practically smooth or steady direct 
current. This is then used to maintain the plates of the 
three-electrode valves at the necessary high voltage. The 
grid of the control valve is. then connected to its filament 
through the secondary coil of a small iron-cored transformer, 
in the primary circuit of which is a battery and speaking 
microphone, or else a buzzer and key for the tonic train 
working. } 

The power valve has coils in its plate and grid circuits 
which are coupled so as to produce oscillations, which are 
conveyed to the tuned aerial with exalted voltage by the 
resonance coil in series with the aerial. Between the control 
valve and the power valve there is a choking coil which keeps 
the high-frequency oscillations generated by the power valve 
passing back through it, but it allows the audio- or low- 
frequency variations of plate current, produced by the micro- 
phone or buzzer, to influence the plate current of the power 
valve, and so controls the amplitude of the oscillations created 
by the latter in the aerial. 

Hence, we radiate from the aerial continuous waves which 
are cut up into groups if we use the buzzer, or are varied in 
_ amplitude in accordance with the wave form of the speaking 
voice if we use the microphone. ) 

The approximate daylight range of this set is 100 nautical 
miles for wireless telephony, 130 miles for tonic train wireless 
telegraphy, and 300 miles for continuous wave telegraphy. 
Much greater ranges are obtained by night and under excep- 
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tionally favourable conditions. These ranges apply with aerials 
of the twin T-type, 220 ft. long, having a natural wavelength 
of the order of 360 metres, and supported on masts not less 
than 100 feet high. The above set is designed for transmission 
with wavelengths between 1,000 and 2,000 metres, and for 
reception on any wavelength between 300 and 2,000 metres. 

The reception is conducted by means of the seven-valve 
cascade amplifier with tubular thermionic valves, as described 
in Chapter VII. 

4. Medium-Range Valve Plant.—For long-range ship radio- 
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Fig. 258.—Scheme of Connections of the 3-Kilowatt Wireless Telegraph 
Valve Apparatus of Marconi’s Wireless Telegraph Company, Ltd. 


telegraphy, or for land stations of moderate size, Marconi’s 
Wireless Telegraph Company have designed a panel form 
of valve transmitter called a 3-kilowatt continuous wave 
transmitter panel. With the exception of the aerial tuning 
inductance, which is as shown on the left hand of the panel 
in Fig. 259, the whole apparatus is mounted on a panel 4 ft. 
wide and 4 ft. 6 in. high, which can be erected in front of a 
wall or bulkhead. The scheme of connections is as in Fig. 258. 

Power is supplied at 350 volts in the form of alternating 
current having a frequency of 300 by means of a motor 
generator wound to suit the available direct-current voltage. 

This installation provides only continuous waves detectable 
by stations provided with suitable receiving appliances. 
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With an appropriate aerial and earth connection the range 
of it is 1,000 miles. This valve transmitter is designed for 
transmission on wavelengths from 2,000 to 3,000 metres, 


Six-kilowatt Wireless Telegraph and Telephone Plant of Marconi’s Wireless 
Telegraph Company, Ltd. 


Fic. 259. 


S 


with an aerial having a capacity of 0-0015 microfarad and 
natural wavelength of 750 metres. The alternating current 
is stepped down in voltage from 300 to 10 volts by iron- 
cored transformers to give the heating current for the valve 
filaments, and is stepped up by another transformer to 6,000 
volts for rectification by four Fleming or rectifying valves 
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in parallel. Two of these are used for each alternation, so 
that the whole of the alternating current is rectified. In 
the diagram in Fig. 258 only one such rectifying valve is © 
shown on each side. This rectified current is smoothed 
out by inductances and condensers, and provides the plate 
voltage for a battery of four three-electrode power valves, — 
only two of which are shown in the diagram. | 

These power -valves have shunted condensers in their grid 
circuits, and all the grids are connected to the filaments 
through a retroaction coil coupled with variable inductance 
to a coil in the common plate circuit, which is in series with 
the aerial tuning inductance. 

The signalling is conducted by means of a high-tension, 
quick-acting relay switch, which breaks under the action of a 
powerful air blast supplied by a small motor-driven blower. 

The same company also construct a still more powerful 
valve transmitter plant of 6-kilowatt size for longer distance 
working. 

Its arrangements are practically the same as those of the 
3-kilowatt, only more and larger valves are used. 

All the apparatus, with the exception of the aerial tuning 
inductance, is mounted on a panel 4 ft. 8 in. in height, 4 ft. 6 in. 
in breadth, and 1 ft. 10 in. in depth (see Fig. 259). - 

Alternating current at 500 volts and 300 cycles is supplied 
to it from a suitable motor generator. This alternating 
current is stepped down in voltage by transformers to provide 
the filament-heating current, and is also stepped up to 7,500 
volts to provide the plate voltage for the power valves. 

The high-frequency oscillations are set up in the aerial 
circuit by a bank of six three-electrode valves arranged in 
parallel, of which only two are shown in the circuit diagram 
in Fig. 260. io 

To produce the plate currents required for these generating  —__ 
valves the stepped-up alternating current is rectified by four 
two-electrode valves, one pair for each half-cycle of the alter- 
nations, so that the whole energy is rectified. This pulsatory — 

current is smoothed out by a choking coil and smoothing con- — 
densers. The rectified voltage is then applied to the plates of all 
the three-electrode valves, and the oscillations are created by 
coupling the grid and plate circuits through a retroactive 
coil, as shown in the diagram. y 

The signals are made by a relayed high-tension switch 
which interrupts the main plate current. 

This 6-kilowatt set is designed to create wavelengths 
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between 2,000 and 4,000 metres, when used with an aerial 


of 0-0033 microfarad capacity having a natural wavelength 
of 1,000 metres. 


9. Long-Distance High-Power Valve Panels.—Still larger 
valve transmitters are constructed by joining in parallel a 
number of 5- to 7-kilowatt valves, such as that designated 
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Fig. 260.—Scheme of Connections of the 6-Kilowatt Plant of 
Marconi’s Wireless Telegraph Company, Ltd. 
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M.2 type. These valves have bulbs of heat-resisting glass, 
and are about 7 in. in diameter and 12 in. long. The filaments 
take a heating current of 10 amperes at 20 volts, and the plate 
potentials are from 10,000 to 20,000 volts, which are provided 
by direct-current high-tension dynamos. The plate currents 
are about 200 milliamperes at 10,000 plate volts. 

Marconi’s Wireless Telegraph Company installed a panel 
of nine such valves at their Clifden Station, in Ireland, in 
1921. The total anode current was 3-5 amperes at 18,000 
plate volts. Hence, the total feed was 62 kilowatts. This 
valve panel conveyed 47-3 K.W. to the aerial, providing 
an aerial current of 260 amperes. A still larger panel of 
fifty-six M.2 valves was installed at their Carnarvon Station, 
in Wales, putting 160 kilowatts and 350 amperes into the 
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aerial. Efficiencies up to 75 per cent. were obtained (see 
Fig. 261). 7 

In 1919, the Imperial Wireless Telegraph Committee, | 
appointed by the British Government to prepare a report on 


Fic. 261.—Large Valve Transmitter Panel in the Carnarvon Wireless 
Telegraph Station of the Marconi Company. 

the subject of imperial radio stations, recommended in June, 

1920, the employment of thermionic valve generators for the 

proposed imperial radio stations. 

In the broadcasting stations for public radiotelephony 
valve transmitters are employed, and Fig. 262 shows a view 
of one such broadcasting transmitting plant. The high plate 
voltage is provided by low-frequency alternating currents 
rectified by Fleming valves. 

6. Portable Valve Plant for Military Radio Stations.—The 
experience gained in the European War of 1914-18 showed 
that there was a large and useful field for thermionic valve 
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plant in all departments of military intercommunications, not 
only overland but for aircraft work and control. , 
Marconi’s Wireless Telegraph Company have, therefore, 


Fie. 262.—Large Valve Broadcasting Transmitter Plant made by 
Marconi’s Wireless Telegraph Company, Ltd. 


designed in complete practical form appliances for this purpose 
constituting a portable C.W. wireless telegraph and telephone 
plant suitable for pack or wheeled transport, capable of being 
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used to produce tonic train waves or continuous waves, cut 


up into short periods by which ordinary spark receivers can 
be affected. 

The two masts are tubular steel, 30 ft. in height, supporting 
a single horizontal aerial wire of simple T-type; easy to erect. 
The earth connection consists of metal gauze sheets laid on 
the ground. The aerial is 250 ft. in length. 

The power plant comprises a two-cylinder 2? h.p. petrol 


Fia. 263.—View of part of the Portable Military Wireless Plant 
designed by Marconi’s Wireless Telegraph Company, Ltd. 


engine as ge mover, driving by direct coupling a high- 
frequency $-kilowatt enclosed alternator. 

The transmitting and receiving apparatus is contained in. 
two boxes, as shown in Figs. 263, 264, and all is arranged 
either for pack or cart transport. 

The alternator provided is a twelve-pole self-exciting 
enclosed machine which gives A.C. at a voltage of 75 and a 
frequency of 190. 

This voltage is transformed down and also up by suitable 
transformers to provide the current for heating the filaments 
of the power valves, and after rectification by a Fleming 
valve to give the requisite high direct-current plate voltage 
for the three-electrode valves. 

A transmitter box (see Fig. 263) contains the rectifyimg 
valve and power valve and necessary transformers and 
connections, and the mode of interconnection is the same as 
in the 0-5-kilowatt valve set already described. 
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The receiving apparatus is all contained in a second case, 
and this comprises a series of four valves, three for amplifying 
and one for rectifying, as shown in Fig. 263. The alternator 
and transmitter apparatus are connected by flexible con- 
ductors, and the reception of signals is by head telephone. 

The guaranteed range of this apparatus is 200 miles (320 kilo- 
metres) when using C.W. signals, and 100 miles (160 kilo- 
metres) when using tonic train, or interrupted C.W., trans- 


Fic. 264.—View of, the Receiving Apparatus of the Portable Military 
Wireless Telegraph Apparatus designed by Marconi’s Wireless 
Telegraph Company, Ltd. 


mission. When used for wireless telephony the range is 
60 miles (100 kilometres). This is over normal flat country. 
With higher masts (70 ft. high) these ranges can be doubled. 
The same manufacturers have also designed a still smaller 
valve transmitter utilising about 150 watts, especially adapted 
for aeroplane radiotelephony. This set comprises two three- 
electrode valves, each with 6-volt filament, which is rendered 
incandescent by the current from three or four accumulator 
cells. The plate current is supplied by a small direct-current 
dynamo, driven by a wind screw. This dynamo is fixed 
outside the frame of the aeroplane so as to be driven by the 
wind-blast. It is arranged to be self-regulating, so as to give 
a constant voltage of about 1,500 volts at all speeds of the 
aeroplane. This supplies plate current for the two thermionic 
valves, one of which is the oscillation generating valve and 
the other the control valve. The former has its grid circuit 
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coupled through a reaction coil with a coil in the plate circuit 

- which forms part of the aerial tuning coil (see Fig. 265). 
The control valve has in its grid circuit the secondary 
coil of a small iron-cored telephone transformer, the primary 
circuit of which contains the speaking microphone and the 
| filament-heating battery. The variations of grid potential 
in this valve, which take place when speech is made to the 
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Fic. 265.—Wireless Telegraph and Telephone Apparatus for Aeroplanes 
designed by Marconi’s Wireless Telegraph Company, Ltd. 


microphone, vary in a similar manner its plate current, and 
: these again modulate the amplitude of the oscillations created 
by the power valve in the aerial. 

The microphone transmitter is arranged on a handle which, 
when gripped, closes the filament circuits, allows current to 
pass from the storage cells to light up the filaments, and 
actuates an electromagnet, which switches over the aerial 
from the receiving apparatus to the valve transmitter, and 
all is then ready for the pilot or observer to speak. The 
object of this arrangement is to enable the valves and other 
transmitting plant to be placed at a distance from the pilot, 
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but controlled by the mere act of taking up the microphone 
to speak. 

The aerial is a wire about 250 ft. in length which is kept 
wound up on a drum until required, when it is wound off and 
allowed to trail in the air. 

The working range of this plant for Gitalbese telephony varies 
from 50 to 100 miles, depending on the sensitiveness of the 
receiver in use. 

The transmitter is arranged to work on wavelengths between 
400 and 500 metres. 

The receiver employed is a valve receiver with amplification, 
either radio or audio or both combined. There are, however, 
special difficulties in connection with reception in aeroplanes 
due to the engine and wind noises. These were overcome in 
the European War by the invention of sound-proof helmets, 
in which the receiving telephones were fitted closely over the 
ears of the observer. 

Also, when using wind-driven motor generators to supply 
the plate voltages, special appliances called filters, comprising 
inductances and capacities, had to be introduced to eliminate 
the irregularities in the plate currents, which otherwise 
caused noises in the receivers, called commutator noises, 
because due to the pulsatory character of the current given 
by small D.C. machines. 

During the war, 1914-18, special attention had to be given 
to the development of small radio plant for military field 
work over a limited range, 3 to 5 kilometres, operating with 
very low aerials not more than Y metre, or about 3 ft., above 

the ground. 

The whole apparatus had to be made extremely portable, 
as well as simple and rugged in construction, so as to be usable 
by unskilled operators. : 

Throughout the war the intercommunication in the forward 
sector was made by spark radio sets of great simplicity, but 
continuous wave valve generators were employed in inter- 
mediate and rear sections of the radio network having a. 
range of 16 to 32 kilometres (10 to 20 miles) or in rear 
sections, where larger and more permanent aerials could 
be used, having a range of 80 to 160 kilometres (50 to 100 
miles), 

The United States Army Signal Corps employed in this 
work almost exclusively a three-electrode valve called VT.2, 
which required a filament current of 1-36 amperes at 7 volts, 
and a plate potential of 300 to 350 volts. This valve could give 
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a high-frequency output of 3 to 4 watts on a suitable circuit. 
The required plate potential was obtained by means of a 
small dynamotor driven by a 12-volt storage battery, giving 
300 to 350 volts. 

7. Aircraft Receiving Sets——The demand for effective and 
easily managed wireless telephone sets for aircraft of light 
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Fic. 267.—Scheme of Connections for Transmitter Part of the Aeroplane 
Set shown in Fig. 266. 


weight and small bulk caused great attention to be given to 
this matter during the European War. 

An interesting account of various types devised for the 
United States Air Force was given by T. Johnson, Jnr., in 
The Proceedings of the Institute of Radio Engineers, U.S.A., 
vol. vii., 1920, February and April, from which Journal the 
illustrations in Figs. 266—276 have been taken. 

Thermionic valve generators were invariably employed with 
control or modulating and power or oscillating valves, and the 
essential arrangements were not very different from those 
made by Marconi’s Wireless Telegraph Company, which have 
been already described. 

As an illustration of one of the aircraft small radio sets, 
we give the views shown in Fig. 266. A small box, 8-25 in. 
wide, 8-5 in. high by 5-5 in. deep, was found large enough to 
contain the whole transmitting plant, consisting of two three- 


ve Fic. 268.—Radio-apparatus for Aeroplanes made by the General 
Electric Company of America. 
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electrode valves, one for oscillation and one for control. 
The plate voltage was supplied by a small dynamotor, giving 
55 milliamperes at 350 volts. This was driven by current 
from a six-cell accumulator which also supplied current for 
the filament heating. This dynamotor weighed 11 Ibs., and 
the transmitting set 8-5 lbs. The scheme of connections is 
shown in Fig. 267. 

The battery also suppliescurrent for operating either the 
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_ Fic. 269.—Scheme of Connections for the Renib-apparatiis 
shown in Fig. 268. 
microphone transmitter or else a buzzer to send telegraph 
signals. With a trailing antenna this set can transmit tele- 
- phonic speech 60 miles (111 km.), or buzzer-modulated signals 
75 miles (139 km.), and also continuous wave signals 100 miles 
(185 km.), 

The transmitter gives approximately 5 watts in H.F. 
oscillations to the aerial wire, and transmits on wavelengths 
3080, 375, and 425 metres. 

A larger size of the same type of transmitter, capable of 
giving 250 watts to the aerial wire for C.W. telegraphy, was 
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Fie. 270.—High Power Radio-apparatus with Valve Transmitter, 


used on aeroplanes. 
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designed for flying boats and dirigibles by the General Electric 
Company, U.8.A., and is shown in Fig. 268. 

The apparatus is contained in a cabinet 20 in. wide, 19 in. 
high, and 11-5 in. deep. It contains two valves, an oscillator 
and control valve. Power is supplied from a 24-volt accumu- 
lator which supplies filament-heating currents, and also 
current to drive a dynamotor, which furnishes current of 
320 milliamperes at 1,500 volts for the plate circuits. The 
complete equipment weighed 40 lbs. and the dynamotor 29 lbs. 


Fic. 271.—Scheme of Connections of High Power Valve Transmitter 
for aeroplanes as arranged for C.W. Telegraphy. 


The scheme of valve connections is shown in Fig. 269. 
The apparatus could transmit on waves 600 metres and 
1,600 metres. It could be used for C.W. telegraphy or for 
telephony or tonic train or buzzer telegraphy. 

Supplied with this apparatus and a-suitable trailing aerial 
an aeroplane could transmit by C.W. telegraph 250 miles, 
by telephone 150 miles, and by buzzer telegraph 190 miles 
on the 600-metre wavelength. 

_ The highest power valve transmitter used on United States 
naval aircraft was designed by the General Electric Company 
_ to give an aerial wire input of 500 watts, and this plant could 
transmit on a 600-metre wavelength by C.W. telegraphy 
600 miles, and by radio telephone 200 miles. The complete 
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radiotelephony. 
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Fra. 272.—Scheme of Connections of Valve Transmitting Plant shown in Fig. 270 as arranged for 


: transmitter plant is shown in Fig. 270. It included six three- 
electrode valves, all used in parallel in C.W. telegraphy, but _ 
: | * in radiotelephony three were used as oscillators and three as 

| control valves. The dynamotor supplied 1 ampere at 1,000 
volts for the plate circuits. In Fig. 271 are shown the scheme 
| of circuits for C.W. telegraphy, and in Fig. 272 the connections 
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3.—Scheme of Circuits of Amplifying Receiver employed with high-power aircraft transmitters. 
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for radiotelephony and buzzer-modulated telegraphy respec- 
tively. The transmitter plant weighed 55 lbs. and the 
dynamotor 60 Ibs. Power was supplied from a 24-volt 
accumulator to drive the dynamotor and also to heat the 
filaments. . 

The receiving arrangements used with these aircraft sets 
were also contained in cabinets separate from the transmitter 
cabinets. They comprised in the small sets two or more 
three-electrode valves in cascade, coupled by induction coils, 
and also a detector valve and telephone. The plate currents 


and filament-heating currents were supplied by separate — 


batteries. The plate current was usually supplied at 40 volts. 

In larger sets there were three radio-amplifying valves and 
two audio-amplifying valves and the detector valve. In 
more powerful receiving sets three radio-amplifying valves, 
one detector valve and two audio-frequency amplifying 
valves were employed, the scheme of circuits being as sho’ n in 
Hige2ids = 

One difficulty in connection with aircraft radiotelegraphy 
or telephony is the noise disturbance caused by engine and 
wind noises, which not only prevent the aircraft observer 
from hearing, but are transmitted through the microphone 
transmitter to the ground station. This had to be overcome 
by equipping the pilot or observer with sound-proof helmets 
in which the telephone receivers were held in rubber cups 
over the ears, and the mouthpiece of the microphone also 
enclosed so as to prevent it from picking up sounds other 


than the speech of the speaker. A helmet of the kind used is 


shown in Fig. 274. 


By this means transmission of speech or signals was ren- 


dered perfectly simple and certain from aircraft to ground” 


stations. 

Radio communication with aircraft requires also certain 
ground stations whereby speech or signals are sent to the 
distant aircraft. | 

The type of ground station adopted by the United States 
Navy Air Force was a 3-5 kilowatt valve-panel transmitter, 
comprising six valves. The scheme of circuits is given in 
Fig. 275. Three of the valves are used as oscillators and three 
as control valves. This transmitter delivers approximately 
750 watts to the aerial, and power is supplied by a motor 
generator which gives current at 1,500 volts for the plate 
circuits. 


The panel is arranged for transmission on 600-, 850-, 952-, | 
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Ne 
Fie. 274.—Sound-proof Helmet with Receivers on the ears and 
microphone opposite the mouth of the aeroplane observer. 
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Fia. 275.—Scheme of Circuits for Transmitter of Ground Station 
communicating with aircraft 3°5 K.W. 


1,600- and 2,200- metre wavelengths, and can transmit either 
C.W. telegraph signals or radiotelephonic speech. 
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By means of a small modulating valve it is arranged that = 
speech can be transmitted by it which is received over the 


ordinary exchange or special telephone wires. , 


By this distant control it has been possible to perform the 
feat of controlling the evolutions of aeroplanes by a com-— 


manding officer speaking from his desk telephone. 
On March 12th, 1919, Mr. Secretary Daniels, of the United 
States Navy Department, seated in his office and using his 
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Fra, 276.—Scheme of Circuits for re-transmission of telephonic speech 
to aircraft which is received from ordinary exchange circuits. > 


local ordinary desk telephone at Washington, U.S.A., carried. 
on a conversation with Lieutenant H. Sadenwater flying at 


that moment in a flying boat over Chesapeake Bay at the = 


mouth of the Potomac River, sixty miles away. The Secre- 
tary’s voice was conveyed over the ordinary telephone wires 
to the Navy Yard, Washington, where it remotely controlled 


the output of the radio air station there located transmitting . 


on a wavelength of 1,600 metres. 


These signals were picked up by the flying boat. Thesignals ; 


from the flying boat-on a wavelength of 750 metres were 
received at the Navy Yard, and after two stages of audio- 


amplification were carried on the-telephone wires to the — 


Secretary's office. The results of this test showed the possi- 
bility of controlling the movements of aeroplanes from a 
ground station 150 miles away. 


EE 
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_The scheme of connections for local and remote control by 
telephone is shown in Fig. 276. 
In Fig. 277 is shown the scheme of connections of a two- 
valve radiotelephone transmitter employed by the British 
Royal Air Force. In this set there is one oscillating valve 
and one control valve, and the speaking microphone is coupled 
through the primary coil of an iron-core transformer to the 
grid and filament of the control valve. The current is supplied 
by the filament-heating battery. The plate currents for both 
valves are supplied from a 400-volt dry cell battery, and the 


Fic. 277.—Valve Radiotelephone Transmitter with Choke Control. 


filament-heating currents from a 6-volt accumulator. An 
iron-cored choker L is placed at the base of the aerial, and the 
control valve varies the potential at the point of junction 
with the aerial inductance, and hence affects the amplitude 
of the oscillatory current produced by the oscillating valve 
in this inductance coil (see Fig. 277). 

8. Printing Telegraphs operated by Thermionic Valve 
Receivers.—The power we possess of amplifying the variation 
in the plate current of a detecting valve produced by received 
signals renders it possible to magnify these signal currents 
to the point at which they can be employed to operate a 
telegraphic relay, and thus work any form of recording or 
printing telegraphic instrument. 

hus, suppose we are receiving signals by continuous 
waves, and that we amplify by radio-amplification and receive 
on a valve which has reactive coupling so as to produce — 
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“beats ” of audio-frequency. We then amplify. these beats 
by audio-frequency amplifiers, and in the plate circuit of the 
final valve we have a direct current on which is superimposed 
high-frequency oscillations of the radio-frequency with 
varying amplitude having the beat frequency. If this uni- 
directional but pulsating current is passed through the primary 
coil of a transformer, we filter out the direct current, and have - 
on the secondary side what is virtually an alternating current 
of the beat frequency. This can be rectified by a two-electrode 
valve, and then becomes a unidirectional current. This last 
current vanishes as soon as the incident continuous waves 
cease or are put out of tune with the receiving aerial because 
it 1s a rectified beat current, and the beats exist only as long 
as there are two sets of interfering oscillations in the receiving 
current. If this final rectified current can reach a strength of 
0-1 milliampere or 100 microamperes, it can operate an 
ordinary sensitive Post Office relay, or if it is much less 
we can employ the» more sensitive drum cable relay of 
Mr. 8. G. Brown, or the liquid jet relay of Mr. Axel 
Orling. We can make these relays operate a local printing 
telegraph. 

If, on the other hand, the electromotive force in the current 
is sufficient we can record the signals directly on a suitably — 
prepared paper tape by Bain’s electrochemical telegraph 
recorder. In this recorder a paper tape saturated with a 
solution of ferrocyanide of potassium and ammonium nitrate 
is passed by clockwork or an electric motor rapidly over a 
brass or copper drum, whilst an iron wheel or stylus presses 
on the paper. If no current passes, the paper is not marked, 
but if a feeble current passes so that the iron point is the 
positive electrode, the paper is marked with a blue line due 
to the formation of Prussian blue. 

The proper composition of the solution is said to be as 
follows: Prepare a saturated solution of the yellow ferro- 
cyanide of potassium, and also a saturated solution of ammo- 
nium nitrate. Mix together equal volumes of these saturated 
solutions, and make up the mixture to double its volume 
with distilled water. | 

The paper tape is soaked in this solution. ' 

Success in recording depends very much on the paper 
being moist to just the right degree. If it is too wet the blue 
marks made on it by the current blur, and if it is too dry the © 
current does not pass. . 

When exactly of the right moisture the paper is marked 
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extremely quickly, so that dots and dashes in Morse code can 
be made on it with great speed. 
__ By the use of perforated paper tape used with a Wheatstone 
transmitter messages can be recorded with this electrochemical 
recorder at the rate of several hundred words per minute. 
Another receipt for a sensitive paper is to moisten it with a 
solution of starch and iodide of potassium, but this is not 
generally so convenient as the ferrocyanide solution. 

Assuming that we caneoperate a telegraphic relay of some 
kind by the rectified currents taken from cascaded thermionic 
valves we can then work any form of printing or recording 
telegraph, which can be actuated by single-current working 
with Morse code signals. 

A very interesting demonstration of this’ was made by 
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Fic. 278.—A Reproduction of the Punched Wheatstone Tape 
used for automatic high-speed telegraphy. 
Mr. A. A. Campbell Swinton, F.R.S., in November, 1920, 
before the Royal Society of Arts, when a Creed printing 
telegraph was worked by radio signals sent from the Eiffel 
Tower Station in Paris. 

The Creed instruments above mentioned are appliances 
that enable a feeble electric current which is recording Morse 
‘signals in a sensitive relay first to punch on a paper tape holes 
which correspond to the signals in the code used with the 
Wheatstone automatic telegraph. 

On the Wheatstone system a paper tape has a row of small 
equidistant holes punched in it which serve to move the 
paper forward through the printer or re-transmitter. A dot 
signal is then represented by two larger holes in line on either 
side of the central holes. A dash signal is represented by 
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_ two holes not exactly opposite or in line, but one a little in x 
advance of the other (see Fig. 278) Lo 


Mr. F. G. Creed’s receiving instrument enables feeble 
currents recording Morse signals to prepare this tape. It 
does this by means of a very ingenious pneumatic relay or 
one worked by air pressure. eae 

The general principle is as follows: There is an ordinary ~ 
electromagnetic relay which receives a current and attracts _ 
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Fic. 279.—Creed Pneumatic Relay and Puncher operated by wireless 


y signals through an electromagnetic relay A. /~ age 
an armature which moves a lever. If a dot is sent then this 
re lever moves through a certain small angle and flies back — aa 
almost at once. If a dash is received then there is a longer 


interval of time before the lever flies back. This movement 


+e 
2 aa of the relay armature is made in turn to move a very sensitive 
¥ balanced slide valve, which admits air under pressure to one 

| side or the other of a piston moving in a little cylinder. The ~ — 
a motion of this piston is made to move another slide valve, — 4 
as In a steam engine, which in turn moves backwards or | 
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forwards a larger piston in a larger cylinder. This latter is 
then caused to depress two steel punches which make holes 
in-paper tape moved under them (see Fig. 279). 

' The tape is prepared with its centre line of holes already 
punched and by a ratchet wheel it is moved forward under the 
punches. One of these punches is set a little in advance of 
the other in position. If, then, an electric current of very 
brief duration enters the first electromagnetic relay, and causes 
a momentary deflection of its armature lever, the pistons in 
the two pneumatic cylinders make a rapid movement to and 
fro and depress the punches, with the result that two holes 
are made in the tape in line with each other across the tape. 
This constitutes a Morse dot on the Wheatstone automatic 
system. 

If, however, a dash signal is received then there is a certain 
delay in the reverse motion of the pistons, and the punches 
‘make two holes on the slant (see Fig. 278), and this constitutes 

a dash on the Wheatstone tape. 

' This electric-pneumatic relay of Mr. Creed is therefore a 
very ingenious means by which a punched paper tape is 
prepared, which is a facsimile of the. paper tape used with the 
Wheatstone automatic transmittter to send the signals so 
received. | 

It was originally devised to operate on ordinary telegraph 
line wires, but it was exhibited, as above mentioned, by Mr. 
Campbell Swinton on November 18th, 1920, at the Royal 
Society of Arts, operated with wireless signals received from 
the Eiffel Tower Station at Paris, and received in London, 
amplified by seven thermionic valves in cascade for radio 
amplification, and three valves in cascade for audio-amplifica- 
tion. For additional information the reader is referred to a 
reprint of Mr. Campbell Swinton’s lecture in The Wireless 
World of December 11th, 1920, vol. vii., p. 641. 

Mr. Creed has also invented another very remarkable 
machine by which the punched paper tape is made to print 
down in Roman type the message. 

This last is a sort of typewriter in which the keys are 
depressed, not by human fingers, but by little pistons moving 
in cylinders under the action of compressed air. 

The punched paper tape is passed under a series of pins, 
which can pass through the group of holes which constitute 
a letter on the Morse-Wheatstone code. The passage of the 
pins through these holes is made to move a complex kind of 
slide valve which admits air under pressure to the piston - 
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acting on the proper lever of the typewriter. Thus, if a 
group of holes, such as is shown in Fig. 278, comes along on 
the tape, four of: the little pins slip through the four holes 
which denote a dot followed by a dash. This moves the 
piston acting on the type bar which prints the letter A upon 
another paper tape or sheet of paper. 

This apparatus was exhibited at the Royal Society of Arts, 
printing down wireless messages received from Paris (see 
Fig. 280). 

The thermionic valve, therefore, when worked in cascade 
enables us to perform the most astonishing feats in transmitting 
intelligence by routes which are partly through space as radio- 
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Fic, 280.—Creed Printer which prints on paper in Roman letters signals 
received and recorded in Morse Code on punched paper tape. 


telegraphy, and partly along wires as ordinary telegraphy, 
and the transition from one part to the other is perfectly 
automatic. | 

One of the truly astonishing feats of this kind, due entirely - 
to the thermionic valve, was carried out in October, 1920, 
in the United States. 

A steamship, Gloucester, equipped with thermionic valve 
radiotelephonic apparatus, spoke to the mainland, and the 
speech currents were relayed by thermionic repeaters on to 
the transcontinental, New York to San Francisco, telephone 
line, 3,400 miles in length. 

This line has now about twelve repeater stations in it at 
which thermionic repeaters are installed. It has lately been 
continued from San Francisco to Los Angeles. 

In the experiment in question the speech currents arriving 
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at Los Angeles from the 8.8. Gloucester were relayed by 
‘thermionic valves on to a radiotelegraphic aerial wire, and 
transmitted to Santa Catalina, an island thirty miles off the 
coast. 

Speech was thus perfectly transmitted from the Atlantic 
to the Pacific Ocean, first thirty or forty miles over sea by 
radio, then 4,000 miles overland by wire, then thirty miles 
over sea again by radio, and all the transmissions effected by 
thermionic valves without any repetition of the speech by 
human agency. | 

The accomplishment of this extraordinary feat was 
absolutely and entirely due to the invention and perfection 
of the thermionic valve, which may certainly be regarded as 
one of the most important of the electrical inventions of the 
present age. 
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